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ABSTRACT

The Effects of Alpha Oscillations on Touch Perception and Visuo-tactile Integration
by
Lei Ai

Advisor: Tony Ro, Ph.D.

Previous studies have shown that touch perception and visuo-tactile integration have large
inter-subject/intra-subject variations. For example, touch perception varies across trials and the
temporal binding windows of visuo-tactile integration varies across subjects. I hypothesized that
the variations might be due to the change of power, phase and peak frequency of brain alpha
oscillations. In the first set of experiments, I examined whether the power and phase of alpha
oscillations predict successful conscious touch perception. Near-threshold tactile stimuli were
applied to the left hand while electroencephalographic (EEG) activity and fast signal optical
imaging were recorded over the somatosensory cortex. Alpha power desynchronizations and phase
at stimulus onset influence touch perception. These findings suggest that spontaneous alpha
oscillations in somatosensory areas exert a strong inhibitory control on touch perception and that
pulsed inhibition by alpha oscillations shapes the state of brain activity necessary for conscious
perception. In the second set of experiments, I extended those studies into the multisensory domain
by presenting vision and touch with varying stimulus-onset asynchronies (SOAs) and investigated
how alpha oscillations contribute to the temporal dynamics of visuo-tactile integration. In one
experiment, near-threshold tactile stimuli and suprathreshold visual stimuli (LED flashes) were
delivered on the left middle finger with varying SOAs. Touch detection rates were significantly
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higher than the touch only condition when visual stimuli occurred between -150 ms and 100 ms
of the tactile stimulus. The results also demonstrated that visual stimuli desynchronize and phase
reset ongoing alpha oscillations to facilitate touch detection. In another experiment, I used a
simultaneity judgment paradigm with varying SOAs between suprathreshold tactile and visual
stimuli. The temporal binding window was negatively correlated with individual alpha frequency
peak. The results also showed that prestimulus alpha power desynchronizations were linked with
variations of the temporal binding window across subjects. Together these results demonstrate that
alpha oscillations shape the state of brain activity and contribute to sensory processing.
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Chapter 1
General Introduction
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The ability to sense the environment is essential for survival. Vision and hearing are the
most important senses in humans and have been studied extensively. We typically rely on our
vision and hearing systems to extract information from the outside world. However, many tasks,
such as flipping a light switch in the dark, may initially rely heavily on the ability to feel around
with our hands until we find the target object. Moreover, there are many other tasks, such as eating
with a fork and knife that require the coordination and integration of vision and touch.
Although touch perception and the multisensory integration between vision and touch are
very important, they have not been studied as extensively as vision and hearing. For example, the
conscious perception of a given tactile stimulus can vary from one moment to the next. We
sometimes can clearly feel a mosquito landing on our skin while this event goes undetected at
other times. This variation is most obvious for weak stimuli, which are only detected in a small
percentage of the time. The neural mechanisms of the touch perception variation have been poorly
understood. In the multimodal domain, looking at a mosquito landing on our skin makes us more
likely to feel it while it goes undetected without looking at it. The temporal relationship (stimulusonset asynchrony, SOA) of inputs from different modalities plays a critical role in the multisensory
integration process (Kelly, 2005; Liu, Jin, Wang, & Gong, 2011; Noesselt, Bergmann, Heinze,
Münte, & Spence, 2012; Senkowski, Talsma, Grigutsch, Herrmann, & Woldorff, 2007; Spence &
Squire, 2003). However, the size of the temporal binding window of multisensory integration
shows large inter-subject variations (Bushara, Grafman, & Hallett, 2001; Liu et al., 2011;
Senkowski et al., 2007; Wallace et al., 2004). The reasons for those variations in perception have
been poorly understood.
To address the gaps in our knowledge on touch perception and visuo-tactile integration, I
investigated how spontaneous brain alpha oscillations contribute to touch perception and visuo-
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tactile integration. In Chapter 2, I evaluated the effects of spontaneous alpha oscillations on touch
perception using EEG and demonstrated that both pre-stimulus alpha power and alpha phase at
stimulus onset influence subsequent touch perception. I extended these findings in Chapter 3,
where I investigated the dynamics of brain processing of near threshold touch perception using
fast event-related optical signal (EROS) and demonstrated that pre-stimulus alpha
desynchronizations facilitate weak touch perception. In Chapter 4, I studied the temporal dynamics
of visuo-tactile multisensory integration using electroencephalogram (EEG) by manipulating
SOAs between tactile and visual stimuli and demonstrated that vision desynchronizes and phase
resets ongoing alpha oscillations to facilitate touch perception. In Chapter 5, I evaluated how brain
oscillations contribute to the variations of the temporal binding window for visuo-tactile
simultaneity judgment using EEG and showed that individual alpha frequency peak was negatively
correlated with the temporal binding window in a simultaneity perception paradigm.
Alpha Oscillations
Alpha oscillations are brain waves in a frequency range of 7-13 Hz, which are more
dominate than other frequency components and are the most frequently observed component of
the human brain's electrical activity (Basar & Guntekin, 2006; Shaw, 2003). Alpha oscillations are
also called Berger waves in memory of Berger, the inventor of EEG. 7-13 Hz oscillations were
unexpectedly observed not long after Berger invented EEG (Berger, 1929). Interestingly, he found
that the EEG oscillations in the range of 7–13 Hz increased in amplitude when observers closed
their eyes (Berger, 1929; Fleming, 1935). Those results were confirmed by later research, which
demonstrated that alpha oscillations represent a ‘resting’ or ‘idling’ state of the brain (Adrian &
Matthews, 1934; G. Pfurtscheller, 1992). Sources of the posterior alpha rhythm concentrate
predominantly in the parieto–occipital region, studies have demonstrated that the strongest alpha
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activity occurs in the parieto–occipital sulcus (Hari & Salmelin, 1997; Salenius, Kajola, Thompson,
Kosslyn, & Hari, 1995). Parieto-occipital alpha oscillations have been found to be related to tactile
and visual perception. For example, visual target detection has been shown to decrease with
increases in prestimulus parietal alpha power (electrode Pz) (Mathewson, Gratton, Fabiani, Beck,
& Ro, 2009).
In the visual cortex, alpha oscillations have been found to be generated by a current dipole
that are centered at the layer IV and V of pyramidal neurons (da Silva, 1991; Steriade, Gloor,
Llinas, Da Silva, & Mesulam, 1990). These excitatory pyramidal neurons receive inhibitory
feedback from GABAergic interneurons, and their interaction can produce 7-13 Hz oscillations
(Stephanie R. Jones et al., 2009; Stephanie R. Jones, Pinto, Kaper, & Kopell, 2000). Recent studies
found that besides the deep layers of the visual cortex that act as an alpha pacemaker, the
supragranular and granular layers are also strong alpha generators (Bollimunta, Chen, Schroeder,
& Ding, 2008; Anil Bollimunta, Mo, Schroeder, & Ding, 2011; Haegens et al., 2015; Mo,
Schroeder, & Ding, 2011). Moreover, similar laminar profiles of the alpha oscillations are also
found in the primary somatosensory cortex (Haegens et al., 2015).
Besides the primary sensory cortex, studies have also shown that alpha oscillations are
generated in the thalamic nuclei (Hughes et al., 2004; Hughes & Crunelli, 2005). Hughes and
colleagues found that pharmacological activation of metabotropic glutamate receptors (mGluR) in
the lateral geniculate nucleus induces oscillations in the alpha frequency range, which display
similarities with thalamic alpha oscillations recorded from intact animals (Hughes et al., 2004).
The effects of spontaneous alpha oscillations on touch perception
Previous studies have demonstrated that spontaneous brain oscillations are associated with
successful perception (Bonnefond & Jensen, 2012; Lundqvist, Herman, & Lansner, 2013;

5

Sokoliuk & VanRullen, 2013), especially those in the 8-12 Hz range. These so-called mu or alpha
oscillations have long been thought to represent a cortical idling state (Fleming, 1935; G.
Pfurtscheller, 1992). For example, alpha oscillations are stronger in a dark environment or with
eyes closed and become weaker with eyes opening (Başar, 2012; Fleming, 1935).
More recently, however, several studies have shown that prestimulus alpha oscillations
may play a more active and important role in subsequent stimulus perception. For example, visual
target detection has been shown to decrease with increases in prestimulus alpha power (Hanslmayr
et al., 2007; Linkenkaer-Hansen, Nikulin, Palva, Ilmoniemi, & Palva, 2004; Mathewson et al.,
2009; van Dijk, Schoffelen, Oostenveld, & Jensen, 2008) or has an inverted U-shaped relationship
with prestimulus alpha power (Rajagovindan & Ding, 2011). In the tactile domain, there is also
increasing evidence showing that spontaneous alpha oscillations are likely to shape the brain state
and are critical to stimulus processing (Ai & Ro, 2014; Linkenkaer-Hansen et al., 2004; Y. Zhang
& Ding, 2010). In electroencephalography (EEG) and magnetoencephalography (MEG) studies,
detection of a weak tactile electrical stimulus shows an inverted U-shaped relationship with
prestimulus alpha power, suggesting that there is an optimal level of prestimulus alpha power for
touch perception (Linkenkaer-Hansen et al., 2004; Y. Zhang & Ding, 2010). Whether a phasedependent effect occurs within the somatosensory system has not been established.
In Chapter 2, I describe an experiment that assessed the effects of alpha oscillations on
threshold touch perception. I asked whether the prestimulus alpha power and/or the alpha phase at
stimulus onset would affect subsequent touch perception.
The dynamics of the processing of near threshold touch perception using fast event-related
optical signal (EROS)
As the experiment described in Chapter 2 and many other experiments, the inhibitory role
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of alpha activity has been studied using many physiological methods, including EEG (Mathewson
et al., 2009; Y. Zhang & Ding, 2010), intracranial recording (Haegens, Nácher, Luna, Romo, &
Jensen, 2011), MEG (Linkenkaer-Hansen et al., 2004), and functional magnetic resonance imaging
(fMRI) (Scheeringa, Mazaheri, Bojak, Norris, & Kleinschmidt, 2011). Different neural signal
recordings provide varying temporal and spatial resolutions. EEG has a very high temporal
resolution up to milliseconds, but has a relatively low spatial resolution (Gevins, 1993). fMRI has
a very high spatial resolution up to millimeters, but has a low temporal resolution (Huettel, Song,
& McCarthy, 2004). Very few studies have used methods that provide a balanced temporal and
spatial resolution. In the experiment described in Chapter 3, I used a relatively new method, fast
signal optical imaging, which provides balanced temporal and spatial resolutions, to study the
dynamics of brain processing of touch perception.
Fast signal optical imaging involves shining near-infrared light into the head to measure
changes in the brain's intrinsic light scattering properties, which have been shown to coincide with
brain electrical activity (Rector, Carter, Volegov, & George, 2005; Rector, Poe, Kristensen, &
Harper, 1997). By measuring the delay of modulated light scattering through the cortex to nearby
detectors, the event-related optical signal (EROS) can be extracted from the fast signal optical
imaging and provides a unique non-invasive, spatiotemporally precise method, making it ideally
suited for investigating brain activity. EROS has been reported to have a strong correspondence
with ERP responses in both temporal and spatial aspects (Gratton et al., 1997; Gratton, GoodmanWood, & Fabiani, 2001; Gratton, Sarno, Maclin, Corballis, & Fabiani, 2000; Gratton & Fabiani,
2003, 2010; Medvedev, Kainerstorfer, Borisov, Gandjbakhche, & VanMeter, 2010; Sun, Zhang,
Gong, Sun, & Luo, 2014; Tse, Gordon, Fabiani, & Gratton, 2010; F. Zhang et al., 2007) and has
been demonstrated the feasibility of measuring brain oscillatory activities (Mathewson et al., 2014;
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Tse et al., 2010).
In Chapter 3, I describe an experimental design using fast signal optical imaging which
affords both high spatial and temporal resolution. This multimodal approach allowed for a far more
conclusive set of results as compared to previous studies using one recording technique (i.e. EEG).
I localized the brain correlates of touch perception, examined the time course of touch perception,
and investigated the effects of low frequency oscillatory brain activity using EROS.
Alpha oscillations and visuo-tactile multisensory integration
The traditional view claims that multisensory integration occurs in a feedforward
convergence manner in higher association areas and specialized subcortical regions (Meredith &
Stein, 1986; Stein & Meredith, 1993). Responses to multisensory stimuli from these neurons are
significantly greater than the summing of responses elicited by two unisensory stimuli – an effect
called ‘superadditive’ enhancement (Calvert, 2001; Ghazanfar & Schroeder, 2006; Kayser, Petkov,
Augath, & Logothetis, 2007).
However, pure feedforward convergence is not sufficient to account for all aspects of
multisensory processing. Several electrophysiological studies have revealed that multisensory
inputs interact within the timeframe of early sensory processing (Lakatos, Chen, O’Connell, Mills,
& Schroeder, 2007; Mercier et al., 2013; Sieben, Röder, & Hanganu-Opatz, 2013). It is hard to
reconcile the involvement of primary cortices in multisensory processing with the notion of
hierarchical convergence. A different explanation of multisensory integration is related to
spontaneous brain oscillations. Brain oscillations, especially alpha (8-13 Hz) and beta (15-30 Hz)
oscillations are involved in touch perception, visual perception, and multisensory processing (Ai
& Ro, 2014; Linkenkaer-Hansen et al., 2004; Mathewson et al., 2009). Synchronizations of
spontaneous brain oscillations from different brain areas may be a key mechanism for information
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selection and integration in distributed networks. For example, the phase of ongoing oscillatory
activity in the primary auditory cortex can be synchronized and “reset” by somatosensory or visual
inputs, which then affect auditory perception (Kayser, Petkov, & Logothetis, 2008; Lakatos et al.,
2007).
Moreover, the temporal relationship between inputs from different senses plays a
particularly important role in multisensory integration (Kelly, 2005; Noesselt et al., 2012; Spence
& Squire, 2003). Multisensory inputs are mostly perceived as simultaneous when stimulus-onset
asynchronies (SOAs) are within 100 ms (Slutsky & Recanzone, 2001; Vatakis & Spence, 2006).
Oscillatory gamma-band responses (GBRs) have also been suggested to be sensitive to the
temporal alignment of multisensory stimulation components (Senkowski et al., 2007).
In Chapter 4, I describe an experiment that investigated how brain oscillations constrain
the temporal dynamics of multisensory integration of visual and touch perception by manipulating
SOAs between touch and vision.
The individual alpha frequency peak and the visuo-tactile temporal binding window
In many circumstances, the synchronous occurrence of multisensory stimuli contributes to
their successful merging into a coherent perceptual representation. It has been demonstrated that
multisensory stimuli presented in close temporal proximity are often integrated into a single,
unified perception (Andersen, Tiippana, & Sams, 2004; Meredith, Nemitz, & Stein, 1987). This
perceptual binding over a given temporal interval is best captured in the construct of a multisensory
temporal binding window (TBW). The multisensory temporal binding window has a few
characteristics. For example, the width of the temporal binding window shows large inter-subject
variations (Cecere, Rees, & Romei, 2015; Mollon & Perkins, 1996; Stevenson, Zemtsov, &
Wallace, 2012; Stone et al., 2001), and simultaneity perception of two stimuli with the same
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temporal relationship shows a considerable variation across trials and subjects (Cecere et al., 2015;
Lange, Halacz, van Dijk, Kahlbrock, & Schnitzler, 2012). The exact neural mechanisms of the
variations in the temporal binding window and simultaneity perception are not very clear.
Due to their intrinsic rhythmic nature, brain oscillations are one candidate mechanism for
gating information for the simultaneity judgment. For example, individual alpha frequency (IAF)
has been found to be positively correlated with memory performance and attentional demand
(Klimesch, Schimke, & Pfurtscheller, 1993). Also, Cecere and colleagues found a negative
correlation between IAF peak and the size of the temporal window of the sound-induced double
flash illusion (Cecere et al., 2015). Furthermore, alpha oscillations have been found to be linked
to multiple cognitive functions regarding both their power and phase (Ai & Ro, 2014; Mathewson
et al., 2009; Y. Zhang & Ding, 2010). One recent study showed that erroneous perception of
simultaneity was associated with an increase of power in the beta band in intermediate SOAs and
also showed an quadratic relationship between alpha power and perception of simultaneity (Lange
et al., 2012).
In Chapter 5, I present an experiment that aimed at filling this gap by using
psychophysiological and electrophysiological methods to assess the neural basis of the
multisensory temporal binding window. I manipulated SOAs between touch and vision in a
simultaneity judgment paradigm and asked how IAF peaks would affect subjects’ temporal
binding window and how brain oscillations might influence simultaneity perception variations.
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Chapter 2
The phase of prestimulus alpha oscillations affects tactile perception 1

1

This chapter has been published in the Journal of Neurophysiology in 2014 (Ai & Ro, 2014).
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Introduction
Conscious perception of identical tactile stimuli can vary from one moment to the next.
For example, we sometimes can clearly feel a mosquito landing on our skin that at other times
goes undetected. This variability is most obvious for weak stimuli, which are only detected some
of the time. The reason for this variability in perception has been poorly understood, but it offers
a unique opportunity to better understand the neuronal mechanisms of sensory perception and
stimulus awareness.
Recent studies have shown the importance of spontaneous brain oscillations for successful
perception, especially those in the 8-12 Hz range (Bonnefond & Jensen, 2012; Lundqvist et al.,
2013; Sokoliuk & VanRullen, 2013). These so-called mu or alpha oscillations have long been
thought to represent a cortical idle state (Adrian & Matthews, 1934; G. Pfurtscheller, 1992). For
example, several studies have shown that alpha amplitude decreases prior to the detection of an
expected target, a phenomenon referred to as event-related desynchronization (ERD) (Fukuda,
Juhász, Hoechstetter, Sood, & Asano, 2010; Min et al., 2007; G. Pfurtscheller, 1992, 2003).
More recently, however, several studies have shown that prestimulus alpha oscillations
may play a more active and important role in subsequent stimulus perception. For example, visual
target detection has been shown to decrease with increases in prestimulus alpha power (Hanslmayr
et al., 2007; Linkenkaer-Hansen et al., 2004; Mathewson et al., 2009; van Dijk et al., 2008) or has
an inverted U-shaped relationship with prestimulus alpha power (Rajagovindan & Ding, 2011). In
tactile perception, there is also increasing evidence that these spontaneous alpha oscillations are
likely to shape the brain state and are critical for stimulus processing. In electroencephalography
(EEG) and magnetoencephalography (MEG) studies, detection of a weak tactile electrical stimulus
shows an inverted U-shaped relationship between prestimulus alpha power and the probability of
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stimulus detection, suggesting an optimal level of prestimulus alpha power for tactile perception
(Linkenkaer-Hansen et al., 2004; Y. Zhang & Ding, 2010).
In addition to the prestimulus alpha power, the phase of these alpha oscillations at stimulus
onset is also important for subsequent target perception. Lindsley (Lindsley, 1952) first proposed
that the phase of alpha oscillations might reflect the brain state in a phasic matter. In support of
this notion, we recently showed that visual perception is modulated by the alpha phase at the time
of stimulus onset (Dugué, Marque, & VanRullen, 2011; Jansen & Brandt, 1991; Mathewson et al.,
2009), an effect that has since been replicated ((Busch, Dubois, & VanRullen, 2009; Dugué et al.,
2011; Jansen & Brandt, 1991; Mathewson et al., 2011). Likewise, an fMRI study showed that the
blood oxygenation level-dependent (BOLD) response to a visual stimulus is dependent on the
alpha phase at stimulus onset (Scheeringa et al., 2011). However, whether the phase of alpha
oscillations influences perception in other sensory modalities, such as touch, remains unknown.
In the current study, I assessed whether a similar alpha power and phase relationship occurs
for touch as with vision. I recorded neuronal activity over the right somatosensory cortex using
EEG while near-threshold tactile stimuli were applied to the left hand. I investigated both the
prestimulus power and phase at stimulus onset of spontaneous alpha oscillations and studied their
role in tactile perception. Our results show power effects consistent with previous studies and a
systematic effect of alpha phase on tactile perception.
Methods
Subjects
Nine subjects (4 females; age range: 18-23; 6 right-handed) were recruited and participated
after informed consent. All subjects had normal tactile perception and mobility, and they did not
have any neurological disorders. The experiment was approved by the Institutional Review Board
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of the City College of the City University of New York.
Materials
Electrical stimuli were delivered via a pair of ring electrodes that were placed on the left
middle finger. A 0.03 millisecond (ms) square-wave electrical pulse was delivered to the electrodes
using a Grass-Astromed (West Warwick, RI) SD9 electrical stimulator. The intensity of the stimuli
was set to each individual’s sensory threshold level prior to the main experiment using the method
of limits. Ascending and descending series of stimulus intensities were delivered until subjects no
longer felt the stimulus in the descending series or began to feel the stimulus in the ascending
series. The threshold for each subject was defined as the average of the transition points from both
series.
Experimental paradigm
Subjects sat in a wooden chair 57 cm from a 20-inch CRT monitor (Dell Inc., Round Rock,
TX) with their arms resting on a table in front of them. Figure 1 shows the time course of stimulus
events for a typical trial. Each trial began with a blank interval for 250 ms, which was then followed
by a fixation cross at the center of the monitor for 50ms, the onset of which was coincident with
the time of tactile stimulus onset. On half of the trials, a 0.03 ms near-threshold tactile stimulus
was delivered at the onset of this 50 ms fixation cross interval, whereas no tactile stimulus was
delivered on the other half of the trials. These two conditions were presented an equal number of
times and in random order, but with the constraint that no more than three consecutive trials could
be from the same condition. At 300 ms, a question mark was presented for 50 ms at the center of
the monitor. Subjects then had to indicate whether or not they had perceived the tactile stimulus.
Responses were made by the subjects using their right hand on a two-button mouse, with the left
button corresponding to perceived and the right button corresponding to unperceived stimuli. No
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feedback regarding their accuracy was given to the subjects. To avoid anticipation and any
potential phase-locking effects, random inter-trial intervals were used such that each trial lasted
between 2300 – 2380 ms. Each subject completed 10 blocks of 50 trials with a short break between
every two blocks.
EEG and ERP recording and analysis
The EEG was recorded using a Grass-Astromed (West Warwick, RI) IP511 amplifier
attached to three silver-silver chloride electrodes. The single-channel electrode was placed over
the right somatosensory cortex, 1 cm posterior to C4 in the standard 10/20 system layout. The
reference electrode was placed on the right mastoid and the ground electrode was placed 1 cm
posterior to P3 in the standard 10/20 system layout. The mastoid was used as the reference because
it is easy to attach an electrode to it to yield low impedance measurements and it is a commonly
used reference by other investigators. Electrode impedance was kept under 20 kOm. The EEG was
first filtered online with a 0.1-30Hz bandpass filter and then sampled at 1000 Hz. The continuous
EEG data were epoched from -500 to 1000 ms, time-locked to the onset of the tactile stimulus.
The behavioral data were analyzed in terms of detection rate on stimulus-delivered trials.
For the EEG data analysis, EEGLAB (http://sccn.ucsd.edu/eeglab/) and custom-written MATLAB
scripts were used. The EEG data the alpha power and phase were extracted using a sinusoidal
wavelet decomposition with a 0.5-cycle wavelet applied to overlapping Hanning-tapered time
windows between -475 ms and -25 ms. The time windows were 50 ms in steps of 10 ms. Unlike
Fast Fourier Transforms (FFTs), which only extract frequency domain information, this wavelet
analysis procedure extracts both the temporal as well as the frequency domain activity in the alpha
band. The prestimulus and moving time windows were chosen such that the last time window was
centered on -25 ms and there was no extension of this last time window into the poststimulus
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period. Power and phase at peak frequency in the mu/alpha frequency range were extracted from
the wavelet transform for each time point, trial, condition, and subject. The average peak frequency
for nine subjects was 9.8Hz (Standard deviation = 0.48). The ERP data were averaged over trials
of the same conditions.
For alpha power analysis, the prestimulus power from the time window between -250 ms
and 0 ms was calculated. The average power at the peak frequency within the alpha frequency
range was calculated for each subject. Then, all trials were sorted based on the prestimulus power
and divided into ten bins with equal numbers of trials. The detection rate in each of these 10 bins
was computed separately for each subject. For alpha phase analysis, the phase was defined as the
alpha phase at stimulus onset. The phase at stimulus onset of both perceived and unperceived trials
was extracted separately and compared.
Results
Behavior
The average detection rate for the 9 subjects on the stimulus-present trials was 51.9% (SD
= 22.06%). This detection rate was not significantly different from the 50% threshold intensity
level set at the start of the experiment and indicates that on average subjects perceived and missed
the tactile stimulus an equal number of times (51.9% vs. 50%; Wilcoxon signed-rank test, p >
0.05). The average false alarm rate was 5.06% (SD = 4.65%), indicating that all subjects were able
to easily differentiate target from non-target trials. The mean reaction time for perceived trials
(481.39 ms, SD = 147.416, n = 1149) was not significantly different from the mean reaction time
for unperceived trials (487.076 ms, SD = 188.3810, n = 1063; t = 0.830, p = 0.407).
Electrophysiology
The grand average somatosensory evoked potentials (SEP) over the right primary
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somatosensory cortex for perceived and unperceived trials are shown in Figure 2. The P1 eventrelated potential (ERP) component (60-140 ms; t = 3.131, p < 0.01, two-tailed t-test) and N2 ERP
component (180-250 ms; t = 2.805, p < 0.05, two-tailed t-test) were significantly larger on trials
in which the stimulus was perceived than those in which it was not perceived. Figure 2 also shows
that the phase of alpha was predictive of target detection. The phase of perceived trials coincides
with the trough of the EEG activity at stimulus onset whereas the phase of unperceived trials
coincides with the peak.
The effects of alpha power and phase on detection rate were then tested. Trials were sorted
according to the prestimulus alpha power and then divided into ten bins. Figure 3 shows the
detection rate for these ten alpha power bins averaged across all subjects. An inverted U-shaped
relationship between prestimulus alpha power and detection rate was measured, suggesting that
there is an optimal level of alpha power for tactile perception. The dashed curve in Figure 3 was a
highly significant quadratic fit (R2 = 0.60, p < 0.05). This inverted U-shaped relationship between
prestimulus alpha power and detection rate is consistent with previous studies (Linkenkaer-Hansen
et al., 2004; Y. Zhang & Ding, 2010).
In the visual modality, using a metacontrast masking paradigm, we previously showed that
the effect of phase was only reliable for high alpha power trials (Mathewson et al., 2009). In our
study, an inverted U-shaped relationship between prestimulus alpha power and detection rate was
identified. Thus, the difference in detection rate as a function of the phase separately for the low,
intermediate, and high prestimulus power trials were analyzed. The detection rates of trials with
positive (peak-half) and negative phases (trough-half) in one alpha cycle were computed for trials
with low, intermediate, and high power. Figure 4A shows that there was no significant difference
in detection rate between trials with positive and negative phases for the low prestimulus power
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trials (53.60 vs. 53.97, p = 0.59) and the intermediate prestimulus power trials (59.89 vs. 60.27, p
= 0.30). For the high prestimulus power trials, however, the detection rate of trials with negative
phase was significantly larger than those with positive phase (40.76 vs. 43.70, p = 0.026). The
circular grand mean phase was then compared between perceived and unperceived trials for all
alpha power levels; there was a significant difference between perceived and unperceived trials
(192.2o vs. 19.07o, p < 0.001).
In order to further show the different phase angles for perceived and unperceived
conditions, a bootstrap procedure was used. In each iteration, 100 trials were randomly and
independently selected from the perceived and unperceived trials and the circular grand phase
mean was then computed separately for each selection of perceived and unperceived trials. Figure
4B shows the distribution of sample means for each condition after 10000 iterations. A Rayleigh
test shows that both distributions were not uniform (p < 0.001), indicating that there was a
concentration of phases towards a specific angle. Direct comparison between those two
distributions using Kuiper’s test shows that they were significantly different (p < 0.001). Note that
the distribution of unperceived trials was restricted to a narrow phase range (0 – 90o) while the
distribution of perceived trials was more focused on 180o - 270o. This is consistent with the result
that most unperceived trials were located in the phase range of 0 – 90o.
As Figure 2 shows, the amplitude of P1 is an important indicator for tactile perception in
that the perceived trials had larger P1 amplitudes than unperceived trials. In order to further
investigate the relationship between prestimulus alpha power and tactile perception, the effect of
alpha power on P1 amplitude was tested. Trials were sorted by prestimulus alpha power and
divided into 10 bins with equal numbers of trials. The P1 amplitude average was then calculated
for each power bin. As with detection rates, Figure 5A shows an inverted U-shaped function
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between P1 amplitude and prestimulus alpha power. The dashed curve in Figure 5 was a highly
significant quadratic fit (R2 = 0.64, p = 0.02). This result is consistent with the relationship between
prestimulus alpha power and detection rates, which further shows that there was an optimal power
level for tactile perception. The N2 ERP component was also larger in perceived trials (-13.04 uV)
than in unperceived trials (-9.81 uV) (t = 2.805, p < 0.05, two-tailed t-test). Like the P1 component,
Figure 5B shows the N2 component has an inverted U-shaped relationship with alpha power (R2
=0.76, p <0.01).
The difference in SEP amplitudes for perceived and unperceived trials may have partially
depended on the alpha phase difference at the time of the SEP components, as well as the alpha
phase difference at stimulus onset. If the phase of ongoing alpha influences the SEP components,
the SEP amplitudes might be larger for trials with alpha in one phase than trials with alpha in the
opposite phase at the time of the SEP components. To test for any influences of alpha phase on the
amplitude of the SEP components, two analyses were conducted. First, a two-way ANOVA was
conducted to examine the influence of ongoing alpha phase on the SEP components, with
perception (perceived and unperceived) and phase angle (trough and peak) at the time of the SEP
components as the two within-subject factors. For the P1 component, the main effect of perception
was statistically significant (F = 10.048, p = 0.002), but the main effect of phase angle (F = 0.940,
p = 0.332) and the perception by phase angle interaction (F = 2.734, p = 0.098) did not reach
significance. For the N2 component, there was also a statistically significant main effect of
perception (F = 7.627, p = 0.006), but the main effect of phase angle (F = 1.775, p = 0.183) and
the perception by phase angle interaction (F = 1.892, p = 0.169) were not statistically reliable.
These results, and in particular the lack of significant main effects of phase angle and two-way
interactions, show that the SEP component differences were not exclusively due to alpha phase
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differences at the time of those SEPs. However, the SEP component differences between perceived
and unperceived trials might have also been biased by the prestimulus alpha phase. In order to
address this potential influence on the later SEP components, in a second analysis, a method
proposed by Kruglikov and Schiff (Kruglikov & Schiff, 2003) was used to subtract out the
influences of prestimulus alpha phase on the SEPs. Specifically, the EEG activity recorded on
trials with no tactile stimulus but with corresponding phase angles at the time of fixation offset
was subtracted from the mean P1 and N2 amplitudes for perceived and unperceived trials. The P1
and N2 components were still significantly larger on perceived trials as compared to unperceived
trials even after the subtraction (P1: p < 0.001; N2: p = 0.012), indicating that these SEP differences
were not confounded by differences in alpha phase angle and the time of tactile stimulus onset.
In order to confirm that the relationship between detection rate and prestimulus alpha
power was not a result of other factors, such as elapsed time in the experiment and intertrial interval,
the detection rates and prestimulus alpha power with elapsed time in the experiment and intertrial
interval were also compared. All trials were divided into 10 bins based on their elapsed time in the
experiment and computed the detection rates and average prestimulus power for each bin. Neither
the quadratic fit between prestimulus alpha power as a function of elapsed time in the experiment
(R2 = 0.062, p = 0.32) nor detection rate as a function of elapsed time (R2 = 0.09, p = 0.27) were
significant, indicating that elapsed time in the experiment does not share the same inverted Ushaped relationship with prestimulus alpha power and detection rates. Because different intertrial
intervals (0, 20, 40, 60 and 80 ms) were used in this experiment, I also assessed whether alpha
power might be related to these different intertrial intervals. Neither alpha power (R2 = 0.03, p =
0.63) nor detection rates (R2 = 0.063, p = 0.18) showed a significant inverted U-shaped relationship
with intertrial interval. Thus, our finding that the inverted U-shaped relationship between
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prestimulus alpha power and detection rates was not driven by any of these other factors.
Discussion
This experiment investigated the effects of spontaneous prestimulus alpha oscillations on
the perception of near-threshold tactile stimuli. Two main results were found. First, and unlike
with visual perception, there was a significant inverted U-shaped relationship between prestimulus
alpha power and detection rate, which is consistent with some previous studies and suggests that
there is an optimal level of alpha power for tactile perception. Second, and as with vision
(Mathewson et al., 2009), there was a significant difference in phase angle concentration between
perceived and unperceived trials. This phase-dependency suggests a general processing principle
across different sensory modalities such that when a stimulus presentation coincides with the peak
of the alpha oscillations, subjects are less likely to detect the stimulus.
P1 amplitude and tactile perception
The results of this study show that the P1 and N2 ERP components are significantly higher
for the perceived trials than the unperceived trials. There was also an inverted U-shaped
relationship between P1 and N2 amplitude and prestimulus power. The P1 component for tactile
stimuli, as in the visual modality, has been suggested to be related to attention to somatosensory
stimulation (Kida, Nishihira, Wasaka, Nakata, & Sakamoto, 2004; Rajagovindan & Ding, 2011;
Waberski, Gobbele, Darvas, Schmitz, & Buchner, 2002) and has been suggested to be generated
in secondary somatosensory cortex, SII (Frot & Mauguière, 1999; HämäläinenKekoni, Kekoni,
Sams, Reinikainen, & Näätänen, 1990; Hari & Forss, 1999). MEG and EEG studies have shown
that responses in SII increase with attention (Fujiwara et al., 2002; Hari & Forss, 1999; Kida et al.,
2004). Thus, top-down attentional modulation may contribute to both the magnitude of P1 as well
as the overall power of alpha.
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Rajagovindan and Ding (Rajagovindan & Ding, 2011) proposed a theoretical model in
which the firing rate of neurons has a sigmoidal function and that the stimulus-evoked response
follows the derivative of the sigmoidal function, which is an inverted U-shape function. In this
model, in terms of the EEG, the P1 component is equivalent to the stimulus-evoked response,
whereas prestimulus alpha power is equivalent to background neural activity (Rajagovindan &
Ding, 2011). The results of our study provide further evidence for this model by showing that the
prestimulus alpha power levels and P1 component have an inverted U-shaped relationship.
Prior to data collection, the high- and low-pass filter settings on our amplifiers were at 0.1
and 30 Hz. Although these filter settings are fairly standard, widely used, and sufficient for the
purposes of this study, they limited our ability to accurately measure earlier and faster components
of the SEP, such as the N20 component. Because this study were most interested in the prestimulus
alpha oscillations rather than these earlier and higher frequency ERP components, future studies
will be necessary to measure the effects of alpha oscillations on these early ERP components.
Prestimulus power and tactile perception
In the present study, the prestimulus alpha power had a parabolic relationship with tactile
detection rate, suggesting that there is an optimal alpha power level for successful tactile
perception. This parabolic relationship may best be explained by differences in excitability at
different alpha power levels. Previous studies have shown that spontaneous neural oscillations in
the 5-20 Hz range can reflect cortical states that affect the integration of sensory inputs as a result
of recurrent connectivity in the cerebral cortex (Destexhe, 1999; McCormick et al., 2003; Shu,
Hasenstaub, Badoual, Bal, & McCormick, 2003). The generation of a burst of activity in a large
number of pyramidal cells can lead to a state in which neurons are more responsive to stimuli while
the activation of inhibitory neurons can lead to a state in which neurons are less responsive.
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Moderate depolarization, which brings the local neuron population close to firing threshold,
can strongly influence the generation and timing of action potentials (Shu et al., 2003). This
moderate excitation causes a remarkable increase in neuronal responsiveness to a stimulus,
especially those of small amplitude. Generally speaking, when a weak exogenous stimulus is
presented while moderate levels of spontaneous oscillations are ongoing, the probability of
responsiveness is higher compared with stimuli presented during weak spontaneous oscillations.
Thus, the absence or very low levels of spontaneous neural oscillations may fail to induce
responsiveness to a weak stimulus.
In contrast, high levels of spontaneous activity may also fail to induce responsiveness to a
weak stimulus by a blocking of external sensory stimulus processing (Castro-Alamancos, 2009;
Dehaene & Changeux, 2005; Petersen, Hahn, Mehta, Grinvald, & Sakmann, 2003). Higher levels
of spontaneous neural oscillations may therefore result in (1) a decrease in driving force by
glutamatergic excitation and an increase in driving force by GABAergic inhibition (Petersen et al.,
2003), (2) more spontaneous action potentials, which could lead to short-term depression, and (3)
activation of surrounding GABAergic interneurons which results in more inhibition. Hence, there
may be competition between sensory-evoked depolarization and spontaneous neural activity
(Dehaene & Changeux, 2005; Petersen et al., 2003), with either one being capable of preventing
the other.
Our results showed an optimal intermediate level of alpha power, which provides support
for the notion that there is an intermediate level of spontaneous oscillations that facilitates the
perception of weak stimuli. Similar results demonstrating an intermediate level of alpha activity
for successful weak tactile stimulus detection have been obtained by others with EEG and
magnetoencephalography (MEG).
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However, the differences in alpha power, with a monotonic increase in detection rates with
decreases in alpha power for vision but a parabolic detection rate function with increases in alpha
power for touch, suggests that the visual and tactile systems may be responding to alpha in slightly
different ways. Because several studies have suggested that alpha is generated in the posterior
parietal cortex (Romei, Driver, Schyns, & Thut, 2011; Thut et al., 2011; van Dijk et al., 2008),
these differences suggest that alpha may be a general broadcast signal that is adapted and used
locally in slightly different ways. The lack of the parabolic relationship between alpha power level
and detection rate in vision (Mathewson et al., 2009) may be also due to a higher signal-to-noise
ratio level in the visual system as compared to the somatosensory system, which may also be
coding movement related activity. The mechanisms underlying these alpha power differences on
tactile and visual perception remain to be elucidated, but may be due to different neuronal
architectures being differentially responsive to the same types of signals.
Even in somatosensory perception alone, however, there are discrepancies in the literature
regarding the relationship between alpha power and detection. For example, in contrast to our
results and those of Ding and colleagues (Y. Zhang & Ding, 2010) demonstrating a U-shaped
relationship between prestimulus alpha power and somatosensory perception, Jones and
colleagues (S.R. Jones et al., 2010) and (van Ede, Köster, & Maris, 2012) showed that alpha power
has a negative linear relationship with somatosensory perception. The exact reasons for these
inconsistent results are unclear. However, although Jones’s results did not show an inverted Ushaped relationship, they found that on trials with the lowest levels of alpha power, detection rates
were lower as compared to detection rates for trials with slightly higher alpha power (S.R. Jones
et al., 2010). In van Ede’s study, subjects performed a somatosensory detection task in which the
onset and spatial location of the stimuli were either auditorily cued or not (van Ede et al., 2012).
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The negative linear relationship in those studies, instead of an inverse U-shaped relationship, might
be a result of differential attentional modulation produced by the cues and spatial location of
stimuli, which may have increased the overall levels of alpha as compared to our study, in which
the time and location of the tactile stimuli were always consistent. If such were the case, then those
studies showing a linear relationship between alpha power levels and stimulus detection may only
reflect the upper half of our inverted U-shaped function. Further studies are necessary to
investigate these issues and discrepancies more systematically.
Phase and tactile perception
Separate analyses of the perceived and unperceived trials showed a significant difference
in phase angle concentration. Phase angles for unperceived trials were mostly focused on one part
of the cycle (0-90o), whereas those for perceived trials were not as focused and on a different part
of the cycle (180-270 o). These results suggest a strong link between alpha phase angle at stimulus
onset and conscious target detection and further suggest that inhibition is not equal across the alpha
cycle. Rather, the effects of alpha on perception appear to be very specific to certain parts of the
cycle, generating a so-called “pulsed inhibition” (Klimesch, Sauseng, & Hanslmayr, 2007;
Mathewson et al., 2011; Mazaheri & Jensen, 2010). According to this pulsed inhibition account,
alpha activity produces bouts of inhibition that are repeated every 100ms. These pulses of
inhibition act to reduce neural firing and cognitive perception at specific peak phases of alpha.
When the stimulus coincides with the peak phases of alpha oscillations, the likelihood to detect
the stimulus is low. This pulsed inhibition is consistent with our phase results which show that
detection was low in one part of the cycle (0-90o).
Mazaheri and Jensen recently proposed an account of alpha oscillations that is different but
not inconsistent from pulsed inhibition. According to their “amplitude asymmetry” theory, the
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peaks of ongoing oscillations may be modulated more than the troughs, which result in an
asymmetric effect of alpha oscillations on perception (Mazaheri & Jensen, 2010). It is this
asymmetry between the magnitudes of peaks and troughs, which likely correspond to forward and
backward pyramidal cell currents that induces the amplitude asymmetry of ongoing oscillations.
Similarly, Klimesch proposed an inhibition-timing mechanism that suggests that alpha reflects the
inhibition that controls the exact timing of oscillations and helps to establish a highly selective
activation pattern (Klimesch et al., 2007). Support for these accounts of alpha come from a recent
study that used intracranial recordings over sensorimotor cortex in a monkey performing a
somatosensory discrimination task (Haegens et al., 2011). Haegens and colleagues showed that
spikes and alpha oscillations were phase-synchronized, suggesting that spiking activity was more
likely to occur at the trough than at the peak.
Our results showed that the effects of prestimulus alpha power and phase on tactile
perception are not separate. When prestimulus alpha power is low and intermediate, there is no
difference in detection rates for stimuli that are presented during the peaks or troughs. When
prestimulus alpha power is high and the stimulus is presented during an alpha trough, detection
rates are significantly higher than those presented during the peak. A similar trend was measured
for low alpha power levels, but this effect was only marginally significant. However, when the
prestimulus power is intermediate, the ability to detect a weak stimulus is high, which overrides
the difference in detection rates that are influenced by stimuli being presented during the peaks
and troughs of alpha oscillations. These phase-specific results are consistent with our previous
study on visual perception (Mathewson et al., 2009), and they suggest that the phase of an alpha
cycle may influence perception in similar ways regardless of sensory modality.
Top-down modulation and alpha
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Our study shows that the alpha oscillations in somatosensory cortex prior to stimulus onset
play an important role in stimulus processing and perception. Top-down modulation of alpha
activity may also be critical for perception, which may be a hallmark of attention (Fan et al., 2007;
Worden, Foxe, Wang, & Simpson, 2000). Indeed, a more recent study showed that the power of
alpha oscillations can be modulated by top-down attention and can consequently influence nearthreshold tactile stimuli (Y. Zhang & Ding, 2010). Another study, which manipulated attention by
cueing the hand or the foot, demonstrated decreased somatosensory perception with increases in
alpha power following a cue (S.R. Jones et al., 2010). Applying transcranial magnetic stimulation
(TMS) over the intraparietal sulcus (IPS) or the frontal eye field (FEF), both of which have been
suggested to control the allocation of spatial attention, disrupted the anticipatory (prestimulus)
alpha desynchronization and its spatially selective topography in parieto-occipital cortex
(Capotosto, Babiloni, Romani, & Corbetta, 2009). These results further suggest that alpha activity
may be modulated by top-down attention and incorporated into local sensory and neuronal
processing in slightly different ways.
The occipito-parietal region has been suggested to be the source of alpha rhythm generation
(Romei et al., 2011, 2011; van Dijk et al., 2008). However, given the low spatial resolution of EEG
and also because a low-density electrode montage, it was hard to estimate the source of the alpha
oscillations that were recorded from the right parietal area electrode. But since other studies (e.g.,
Haegens et al.) have shown that these more posterior alpha oscillations can affect performance in
a somatosensory attentional task, and also because visual stimuli were used, I assessed whether
our data may have been influenced by visual cortex activity (Haegens et al., 2011). In order to
further test the potential influence of visual cortex activity on our parietal electrode recordings, I
analyzed the EEG data evoked by the visual question mark. There were no significant differences
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between perceived and unperceived trails for both the P1 (p = 0.77) and N2 (p = 0.60) components
when time-locked to the question mark. These results suggest that the P1 and N2 time-locked to
the tactile stimulus onset were not significantly influenced or were at best minimally affected by
the visual fixation cross.
In summary, this study showed a systematic influence of pre-stimulus alpha oscillations
on subsequent tactile perception. In addition to demonstrating an optimal pre-stimulus power for
tactile perception, the results show that subjects are less likely to detect targets when their onset
coincides with the peak of an alpha oscillation. Our findings suggest that spontaneous alpha
oscillations in somatosensory areas exert a strong inhibitory control on tactile perception and that
pulsed inhibition by alpha oscillations shapes the state of brain activity necessary for conscious
perception.
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Figure 2.1. Individual trial timeline with durations of each stimulus presentation. Note that
the tactile stimuli were presented at 250 ms for 0.03 ms.
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Figure 2.2. Grand average SEP over right primary somatosensory cortex for perceived (blue)
and unperceived (red) target-present trials. The P1 and N2 were significantly larger for
perceived trials than for unperceived trials. The shaded regions indicate a significant difference
between the two conditions. The vertical line at 0 ms represents the stimulus onset. The arrows
indicate the phase for the undetected (red, peak) and detected trials (blue, trough) at stimulus onset.
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Figure 2.3. The Relationship between prestimulus power and detection rate. The x-axis
represents the alpha prestimulus power bins, increasing in power from left to right. The blue bars
represent the detection rate for each power bin. The dashed black line represents the quadratic fit.
The error bars are the standard error of the mean.
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Figure 2.4. The effect of alpha phase on touch detection. A. Detection rate for the two opposite
phase bins in one alpha cycle for low, intermediate, and high prestimulus levels of alpha power.
The blue and red bars represent the detection rate for the peak and the trough half of alpha cycle,
respectively. The right corner panel shows one alpha cycle with peak half (blue) and trough half
(red). The effect of phase was not reliable for the intermediate alpha power trials. B. Results of a
bootstrap analysis of the grand mean phase of alpha oscillations for perceived and unperceived
trials. One complete phase cycle was divided into 20 bins. The length of the blue vector represents
the number of iterations that fell into the given bin. The black line represents the mean phase vector
(both direction and length). The error bars are the standard error of the mean.
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Figure 2.5. The relationship between P1 and N2 with alpha power. A. The relationship between
prestimulus alpha power and P1 ERP component amplitude. B. The relationship between
prestimulus alpha power and N2 ERP component amplitude. Blue bars represent the averaged ERP
component amplitude for each power bin. The dashed black line represents a quadratic fit. Error
bars are the standard error of the mean.
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Chapter 3
The dynamics of brain processing of near threshold touch perception using fast
event-related optical signal (EROS)
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Introduction
The role of alpha activity in perception and performance has been studied using many
physiological recording methods, including EEG (Ai & Ro, 2014; Mathewson et al., 2009; Y.
Zhang & Ding, 2010), intracranial recording (Haegens et al., 2011), MEG (Linkenkaer-Hansen et
al., 2004), and fMRI (Scheeringa et al., 2011). However, only a few studies have used methods
that provide a balanced temporal and spatial resolution. In the current study, I used a relatively
new method, fast signal optical imaging, to study the dynamics of cortical processing of touch
perception and to localize the source of this activity in the brain.
Over the past few decades, the advancement of brain imaging technology has given
neuroscientists several ways to investigate and understand brain structures and functions. The most
popular methodologies (electrophysiological and magnetic resonance-based methods) are highly
precise with respect to either temporal or spatial information, but neither method offers a precise
measurement in both spatial and temporal domains. For example, electroencephalography (EEG)
– a widely used method used to record electrical activity from the brain – has an excellent temporal
resolution (up to 1 millisecond); however, its spatial resolution is relatively low (on the order of
centimeters) (Gevins, 1993). In contrast, functional magnetic resonance imaging (fMRI) provides
a high spatial resolution (up to 1-2 millimeters) but relatively low temporal resolution (on the order
of seconds) (Huettel et al., 2004). Methods offering a balance of spatial and temporal precision
are needed to investigate not only the time course of the brain functions but also the exact location.
Fast signal optical imaging, especially the fast event-related optical signal (EROS) provides a
balance between spatial resolution (of the order of millimeters) and temporal resolution (on the
order of milliseconds) (Gratton et al., 1997; Lee & Kim, 2010).
Fast signal optical imaging activity is recorded from light detectors that were mounted on
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the scalp that are positioned near laser light sources, which shine near-infrared light onto the scalp
and into the head. The signal is derived from changes in the brain's intrinsic light scattering
properties, which have been shown to coincide with electrical activity (Rector et al., 2005, 1997).
As Figure 1 shows, light scattering is modified by local brain activity and is distinct for active and
resting states. The scattering for these two states have been associated with the swelling (in the
case of depolarization) and shrinking (in the case of hyperpolarization) of neurons due to the
movement of water across the membrane, which is mainly driven by the opening and closing of
ion channels (Buchheim et al., 1999; Lee & Kim, 2010). During active states, neuronal
depolarization and action potential firing lead to a net influx of extracellular water into the cell.
This stretches the flexible membrane of the cell, which reduces scattering among traversing
photons (Lee & Kim, 2010; Momose-Sato, Sato, Hirota, & Kamino, 1998; Syková, ỳdia Vargová,
Kubinová, Jendelová, & Chvátal, 2003; Witte, Niermann, & Holthoff, 2001). Compared with the
amount of time taken by photons traversing through tissue during inactive states, the additional
distance traveled from light sources to detectors in an active tissue (less scattering) leads to delays.
This time delay between photons traversing active and inactive tissues provides a noninvasive
method to investigate the brain with high temporal precision (on the order of milliseconds).
Furthermore, by using a high spatial sampling and multiple channels (one channel is defined as a
combination of a source and a detector) with overlapping areas, a good spatial resolution (on the
order of millimeters) can be achieved (Gratton & Fabiani, 2003, 2010). EROS has been reported
to have a strong correspondence to ERP responses (Gratton et al., 1997, 2001, 2000, Gratton &
Fabiani, 2003, 2010; Medvedev et al., 2010; Sun et al., 2014; Tse et al., 2010; F. Zhang et al.,
2007) and has proven adequate for measuring oscillatory alpha activity (Mathewson et al., 2014;
Tse et al., 2010). Gratton and colleagues demonstrated that EROS responses to visual stimuli in
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the occipital cortex are in line with VEPs from EEG temporally and in line with fMRI results
spatially (Gratton et al., 1997). Additionally, Mathewson and colleagues collected EROS from the
occipital cortex in a metacontrast masking paradigm and extracted alpha power from EROS, and
they demonstrated an alpha power effect similar to their EEG result (Mathewson et al., 2014).
For the experiment described here, I utilized the uniquely balanced spatial and temporal
properties of the fast event-related optical signal (EROS) to investigate the dynamics of processing
of near-threshold touch perception in the brain. I hypothesized that perceived trials have larger
EROS responses than unperceived trials and alpha power desynchronization would facilitate touch
perception.
Methods
Subjects
Eight subjects (4 females; age range: 18-23; 6 right-handed) were recruited and participated
after giving informed consent. All subjects had normal touch perception and mobility, and they
did not have any neurological disorders. The experiment was approved by the Institutional Review
Board of The City College of the City University of New York.
Materials
For the touch stimuli, electrical stimulation was delivered via a pair of ring electrodes
placed on the left middle finger. A 0.03 millisecond (ms) square-wave electrical pulse was
delivered to the electrodes using a Grass-Astromed (West Warwick, RI) SD9 electrical stimulator.
Prior to the main experiment, the intensity of stimulation was set to each individual’s sensory
threshold level using the method of limits. Ascending and descending series of stimulus intensities
were delivered until subjects no longer felt the stimulus in the descending series or began to feel
the stimulus in the ascending series. The threshold for each subject was defined as the average of
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the transition points from both series.
Experimental paradigm
Subjects sat in a wooden chair 57 cm from a 20-inch CRT monitor (Dell Inc., Round Rock,
TX) with their arms resting on a wooden table in front of them. Figure 2 shows the time course of
stimulus events for a typical trial. Each trial began with a gray screen (blank interval) for 250 ms,
which was then followed by a fixation cross at the center of the monitor for 50ms, the onset of
which coincided with the time of tactile stimulus onset. For half of the trials, a 0.03 ms nearthreshold tactile stimulus was delivered at the onset of this 50 ms fixation cross interval, whereas
no tactile stimulus was delivered for the other half of the trials. These two conditions were
presented an equal number of times and in random order, but with the constraint that no more than
three consecutive trials could be from the same condition. At 300 ms, a question mark was
presented for 50 ms at the center of the monitor. Subjects then had to indicate whether or not they
had perceived the tactile stimulus. Responses were made by the subjects using their right hand on
a two-button mouse, with the left button corresponding to perceived stimuli and the right button
corresponding to unperceived stimuli. No feedback regarding their accuracy was given to the
subjects. To avoid anticipation and any potential phase-locking effects, random inter-trial intervals
were used such that each trial lasted between 2300 – 2380 ms. Each subject completed 10 blocks
of 50 trials with a short break between every two blocks.
EROS recording
Scattering changes of near-infrared light were recorded using a optical imaging method
(Imagent; ISS Inc., Champaign, IL), with four detectors and sixteen laser diode sources (light
sources). The laser diode sources were 400 μm silica optic fibers in plastic sheathing and emitted
near-infrared light at a wavelength of 830 nm. The photomultiplier tube detectors were 3-mm
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diameter fiber-optical bundles and collected light from each nearby light source. The sources were
amplitude-modulated at a rate of 110 MHz, and the gain of the detectors was modulated at
110.003125 MHz. Both light sources and detectors were held flush against the scalp by a custommade foam patch with securing adaptors (Figure 3A). To ensure optimal recording of light
scattering, the scalp was exposed at each detector and source site by sweeping the subject’s hair
away. The montage (i.e., the spatial layout) of light sources and detectors was designed to optimize
the spatial sampling resolution (Figure 3B). Two detectors (A and B) with eight light sources that
covered the left parietal cortex and the other two detectors (C and D) with eight light sources that
covered the right parietal cortex. The light detectors and light source (Figure 3A) were put on
subject’s scalp used a custom-made foam patch in a way that the patch center was on the vertex.
The montage covered a part of the parietal cortex and a part of the frontal cortex on both
hemisphere. For the half montage that covered the left hemisphere, two detectors were placed in
the center of the montage, 2 cm apart from one another (Figure 3C). Light sources 1, 2, 3, 7, and
8 were distributed in a circle with its center at the location of detector A. Light sources 3, 4, 5, 6,
and 7 were distributed in a circle with its center at the location of = detector B. The shortest distance
between detectors and light sources was 3.4 cm while the longest distance was 5.4 cm (Figure 3C).
The distances between detectors and light sources determine the recording depth that the longer
the distance, the larger the depth. The other half montage that covered the right hemisphere had a
similar layout. Care was taken to prevent environmental or monitor brightness light from entering
the patch. To rule out any cross-talk between a pair of light sources whose lights were on at the
same time and reached the same detector, only two light sources from different sides of the patch
(one left side and one right side) were on at any given time. The resulting sampling rate for imaging
was approximately 39.1 Hz, measuring brain activity every 25.6 ms.
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After the main experiment, I registered individual subject’s head geometry to a template
MRI brain image (the same template used in Opt-3D software) using MRIcro/MRIreg software
(Chris Rorden, Columbia, SC, USA. www.mricro.com) and a Polhemus Fasttrak 3D digitizer
(Colchester, VT) with an extended stylus. Five anatomical landmarks (inion, nasion, left
preauricular point, right preauricular point, and vertex) were digitized for each subject using the
Polhemus Fasttrak and stylus, and then referenced to the corresponding coordinates of the template
brain image with MRIcro and MRIreg. After co-registration, I placed the stylus on the location of
each detector and light source on the scalp, and recorded their template-registered Talairach
coordinates.
EROS preprocessing and 3-D reconstruction
EROS data were first pre-processed using P-POD (Pre-Processing of Optical Data,
MATLAB scripts, Gabriele Gratton). Channels with source-detector distances shorter than 1.5 cm
and wider than 6 cm were removed from further processing. Channels with shorter source-detector
distances detected light that had not reached the cortex, whereas channels with longer sourcedetector distances detected insufficient light. The data were then normalized to remove lowfrequency drifts (< 0.005 Hz) using a third-order polynomial, followed by a pulse removal
procedure using a time-warping regression procedure (Gratton & Corballis, 1995). The data were
then band-pass filtered from 0.1 Hz to 15 Hz. The filtered data were epoched from -1228 to 998
ms locked to touch onset and averaged over trials for each condition and channel.
Averaged EROS data and Talairach coordinates of light sources and detectors were then
reconstructed using the Opt-3D (Gratton et al., 2000) software for visualization and statistical
analysis. In Opt-3D, z-scores maps were displayed, and areas with colors indicate a significant
(one-tailed, p < 0.05) difference between two conditions
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EROS power and phase
Alpha power and phase were extracted from the averaged EROS data for each channel over
time using a wavelet transform with 2 cycles. Because of the relatively low sample rate, subject’s
individual frequency peaks within the alpha band (7-13 Hz) were not computed, instead, the
wavelet transform was applied at 10 Hz, which gave a time window for the wavelet transform of
205 ms. Alpha power was used later for 3-D reconstruction in Opt-3D software. Because of the
average of phase angles requires circular mean method, alpha phase data were not analyzed in Opt3D, instead, they was analyzed for each channel using custom-written MATLAB scripts.
Results
Behavior
The average detection rate for the eight subjects on the stimulus-present trials was 55.07%
(SD = 14.74%). This detection rate was not significantly different from the 50% threshold level
set at the start of the experiment (55.07% vs. 50%; Wilcoxon signed-rank test, p > 0.05), suggesting
that on average subjects perceived and missed the tactile stimulus an equal number of times. The
average false alarm rate was 4.7% (SD = 5.31%), indicating that all subjects were able to
differentiate target easily from non-target trials.
EROS
EROS differences between perceived and unperceived conditions (perceived - unperceived) were
compared. Figure 4A shows maps of Z-score differences of time points after touch onset in both
superior coronal and posterior axial surfaces projections (areas with color indicate significant
differences between two conditions). Perceived trials had significantly greater activation in the
right somatosensory cortex at 76 and 102 ms after touch onset compared with unperceived trials.
Figure 4B shows the time course of the grand-averaged differences between perceived and
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unperceived trials in EROS data from the right parietal cortex (Talairach coordinate 29, -8, 50).
The gray area indicates significant differences between perceived and unperceived trials. (z =
2.921, zcrit = 2.66).
Besides EROS differences between perceived and unperceived trials, EROS differences
between perceived and false alarm trials (perceived – false alarm) and EROS differences between
false alarm and correct rejection trials (false alarm – correct rejection) were also compared. Figure
5A demonstrates that perceived trials had larger EROS activation at 51 and 76 ms after touch onset
compared with false alarm trials. Figure 5B shows that False Alarm trials had larger EROS
activation at 102 and 127 ms after touch stimulus onset compared with correct rejection trials.
There was also larger EROS activation for correct rejection trials than false alarm trials at 51 ms.
EROS alpha power and phase
EROS power at the alpha frequency range (10 Hz) was extracted from averaged EROS
data and then 3-D reconstructed using Opt-3D. I predicted that the pre-touch alpha power decreases
compared to baseline (desynchronization) would be larger for perceived trials compared with
unperceived trials. The differences in alpha EROS for the 200 to 50 ms period before touch onset
are shown in Figure 6 in both posterior coronal surface projection and superior axial surface
projection. Blue areas (179 – 51 ms prior to touch onset) indicate significant decreases of EROS
alpha power for perceived trials compared with unperceived trials on the right parietal cortex.
Figure 7 shows the time course of the grand-averaged difference between perceived and
unperceived trials in pre-stimulus EROS alpha power data from the right parietal cortex (Talairach
coordinate: 19, -18, 46). The gray area indicates significant differences between perceived and
unperceived trials (z = 2.35, zcrit = 2.22). The desynchronization peaked at 127 ms prior to touch
onset.
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Alpha phase at 10 Hz was also extracted from averaged EROS data and then alpha phase
angles at touch onset were compared between perceived and unperceived trials for all channels.
Alpha phase data were not analyzed and re-constructed in Opt-3D, because Opt-3D calculates
arithmetic means while phase data needs to be averaged using a circle mean method. Alpha phase
at touch onset for perceived and unperceived trials for all channels were compared. There was no
significant alpha phase difference between perceived and unperceived trials from any channels
(Bonferroni correction for multiple comparisons).
Discussion
In this experiment, I investigated the neural mechanisms of touch perception using fast
event-related optical signal (EROS) and assessed the effects of alpha oscillations on touch
perception. Greater brain activations were found on the right somatosensory area for perceived
trials compared with unperceived trials. This experiment also demonstrated that pre-stimulus
EROS alpha power desynchronizations influence touch perception.
EROS and somatosensory evoked potential
Our result shows that perceived trials had significantly greater EROS activation than
unperceived trials at the latency of 76 and 102 ms after touch onset on the right parietal cortex.
This result is consistent with somatosensory evoked potential (SSEP) results from EEG. For
example, our previous EEG study showed that the P1 ERP component (60 -140 ms) was
significantly larger on trials in which the stimulus was perceived than those in which it was not
perceived (Ai & Ro, 2014). Conscious stimulus processing differs significantly from unconscious
processing starting around 100 ms after stimulus presentation (Desmedt, Huy, & Bourguet, 1983;
Gugino & Chabot, 1990; Schubert, Blankenburg, Lemm, Villringer, & Curio, 2006), indicating
that responses are significantly enhanced when stimuli are consciously perceived. Furthermore,
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there were significantly larger EROS responses at 230 ms after touch onset for perceived trials
compared with unperceived trials. This late EROS component might correspond with
somatosensory evoked P300 which has been thought to be related to information transfer to
consciousness perception (Bruyant, García-Larrea, & Mauguière, 1993; Picton, 1992; Yamaguchi
& Knight, 1991a, 1991b). In line with previous results (Gratton et al., 1997; Gratton & Fabiani,
2003), our EROS results demonstrate that fast event-related optical signal has a strong
correspondence with ERP responses from EEG.
Besides the EROS differences between perceived and unperceived trials, there were also
significant differences between perceived and false alarm trials and significant differences between
false alarm and correct rejection trials. These results were in line with the decision model of signal
detection theory. Based on signal detection theory, a detection task has four possible outcomes:
hit, miss, false alarm, and correct rejection. The expected cortical activation of each outcome
should be ranked as perceived > false alarm > correct rejection > unperceived (Macmillan, 1993,
2002). Ress and Heeger recorded fMRI from the visual cortex during a contrast-detection task
(Ress & Heeger, 2003). They reported greater activation in the visual cortex for hits and false
alarms than correct rejections and misses. This was consistent with our result that EROS responses
were larger for false alarm trials than for correct rejection trials. Similarly, face-selective visual
areas have been shown to be activated for correctly recognized faces compared with incorrect ones.
Moreover, these areas show larger activation for non-face stimuli misperceived as faces than those
correctly rejected as faces (McKeeff & Tong, 2007; Summerfield, Egner, Mangels, & Hirsch,
2006). These results suggest that the neuronal responses may correspond to the subjects’
perception, instead of the physical stimuli. There was also greater activation at 51 ms after touch
stimulus onset for correct rejection trials than False Alarm trials. The reason was unclear.
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EROS alpha power and phase
This experiment investigated oscillatory EROS activity in the alpha band by extracting
alpha oscillations at 10 Hz from EROS averaged data using a wavelet transform and then 3Dreconstructed the EROS power data in Opt-3D. There was a significantly lower EROS alpha power
preceding touch onset for perceived trials compared with unperceived trials, suggesting that alpha
power desynchronizations influence touch perception. This EROS alpha power desynchronization
was observed in the right parietal cortex (contralateral to the tactile stimuli) and more anterior
locations started around 180 ms prior to touch onset.
Since the discovery of alpha waves, alpha oscillations have been thought to be weaker
when the eyes are open (Adrian & Matthews, 1934). Studies have shown that alpha amplitude
decreases prior to the detection of an expected target, a phenomenon referred to as event-related
desynchronization (ERD) (Fukuda et al., 2010; Min et al., 2007; G. Pfurtscheller, 1992, 2003).
Alpha power ERD has been found to be correlated with several brain functions (Adrian &
Matthews, 1934; Fukuda et al., 2010; Golmayo & Zaborszky, 2003; Mathewson et al., 2009;
Medvedev et al., 2010; G. Pfurtscheller, 2003). For example, Mathewson used a metacontrast
masking paradigm and demonstrated a negative relationship between pre-target alpha power and
target perception. Our previous experiment using EEG and threshold tactile stimuli showed an
inverted U-shaped relationship between prestimulus alpha power and detection rate, suggesting
that there is an optimal intermediate level of alpha power facilitating tactile perception (Ai & Ro,
2014).
Not only does EEG, but also EROS has been used to support the role of alpha oscillations
in facilitating perception. For instance, Mathewson and colleagues used simultaneous fast optical
signal and EEG to investigate visual perception using a metacontrast masking paradigm
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(Mathewson et al., 2014). They found that pretarget alpha oscillations measured with EEG and
EROS from the cuneus were larger for subsequently unperceived targets. They also showed that
the difference in EEG alpha was correlated with the difference in EROS alpha, indicating the
correspondence between EEG and EROS. Moreover, they found two areas in prefrontal cortex
whose activity was negatively correlated with EEG alpha power. These areas have also been
thought to be involved in top-down modulation of attention (Corbetta & Shulman, 2002; He et al.,
2007; Moore & Armstrong, 2003). Other studies combining EEG with fMRI have revealed large
negative associations between posterior alpha and hemodynamic activities in the frontal areas
(Laufs, Kleinschmidt, et al., 2003; Moosmann et al., 2003). However, due to a limited number of
light sources and detectors, this study could not record EROS activities from the whole brain, and
so I cannot address contributions from other regions.
Unlike our previous result, I did not find any alpha phase differences between perceived
and unperceived trials. This may be due to the low temporal resolution (39.1 Hz) which recorded
brain activity every 25.6 ms. As such, the tactile stimulus onset might have occurred between two
recording points. Thus, the alpha phase angles that were extracted from averaged EROS were off
from the real touch onset.
In summary, I used fast signal optical imaging to explore the cortical processing of nearthreshold touch perception. The results demonstrate that the desynchronization of alpha-band
oscillations in parietal cortex is crucial for the perception of touch stimuli. These findings were
consistent with previous studies on alpha oscillations and stimuli perception, and confirmed that
fast signal optical imaging is an adequate technique to investigate brain activity with a balanced
temporal and spatial precision.
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Figure 3.1. An illustration of signal changes when near infrared light travels through rest
and active brain tissues. On the right panel, the red dot with ‘S’ represents a light source that
emits infrared light; the white dot with ‘D’ represents detector that picks up infrared light. The
arch-shaped blue line represents the infrared light traveling pathway in the brain. The upper left
panel represents the signal property for a rest brain tissue and the right lower panel represents the
signal property for an active brain tissue. This figure was adopted and re-made from Gratton and
Fabiani (Gratton & Fabiani, 2010).
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Figure 3.2. Individual trial timeline with duration of each stimulus presentation. Note that
the tactile stimuli were delivered at 250 ms for 0.03 ms.
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Figure 3.3. An illustrations of montage. A. An image of the custom-made foam patch with
securing adaptors to hold detectors and light sources tightly against the scalp. The four plastic
adaptors are for securing detectors, and sixteen small metal adaptors are for light sources. B. The
montage of detectors and light sources layout. C. An illustration of distances between detectors
and light sources for the left half of the montage.
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Figure 3.4. EROS differences between perceived and unperceived trials. A. Statistical
parametric maps of the z-score differences between perceived and unperceived trials (perceived −
unperceived) for EROS data from 0 – 127 ms and 230 ms after the touch onset with an interval of
25.6 ms. EROS data is shown projected orthogonally onto a common template brain image of the
superior axial (right) and posterior coronal (left) surfaces in Talairach space. B. Time course of the
grand-averaged differences between perceived and unperceived trials in EROS alpha data from
the parietal cortex (Talairach coordinate 29, -8, 50). The gray area indicates significant differences
between perceived and unperceived trials.
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Figure 3.5. EROS differences. A. Statistical parametric maps of the z-score differences between
perceived trials and false alarm trials (perceived – false alarm) for EROS data from 0 – 127 ms
after the touch onset with an interval of 25.6 ms. EROS data is shown projected orthogonally onto
a common template brain image of the posterior coronal (left) and superior axial (right) surfaces
in Talairach space. B. Statistical parametric maps of the z-score differences between false alarm
trials and correct rejection trials (false alarm - correct rejection) for EROS data from 0 – 127 ms
after the touch onset with an interval of 25.6 ms. EROS data is shown projected orthogonally onto
a common template brain image of the posterior coronal (left) and superior axial (right) surfaces
in Talairach space.
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Figure 3.6. EROS alpha power. Statistical parametric maps of the z-score difference between
perceived and unperceived trials (perceived − unperceived) for pre-stimulus EROS data from 204
– 51 ms prior to the touch onset with an interval of 25.6 ms. EROS power data is shown projected
orthogonally onto a common template brain image of the posterior coronal (left) and superior axial
(right) surfaces in Talairach space.
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Figure 3.7. Time course of EROS alpha power. Time course of the grand-averaged differences
between perceived and unperceived trials in pre-stimulus EROS alpha power data from the parietal
cortex (Talairach coordinate 19, -18, 46). The gray area indicates significant differences between
perceived and unperceived trials.
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Chapter 4
Alpha oscillations and desynchronizations facilitate visuo-tactile multisensory
integration
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Introduction
Humans acquire information about their environments from multiple sensory modalities,
including vision, touch, and hearing. To make sense of this multisensory information, it needs to
be integrated or segregated in the brain. For example, the integration of seeing lip movements and
hearing a person’s voice helps to understand the person’s speech. However, if the lip movements
and the voice are offset by a few seconds, input should be segregated as coming from different
sources. In this case, the temporal relationship of inputs from multiple modalities appears to play
a critical role in the multisensory integration process (Kelly, 2005; Liu et al., 2011; Noesselt et al.,
2012; Senkowski et al., 2007; Spence & Squire, 2003).
The traditional view claims that multisensory integration occurs in a feedforward
convergence manner in higher association areas and specialized subcortical regions (Meredith &
Stein, 1986; Stein & Meredith, 1993). These regions, such as the superior colliculus, superior
temporal sulcus, frontal regions, the intraparietal sulcus and insula (Calvert, 2001; Ghazanfar &
Schroeder, 2006; Kayser & Logothetis, 2007), have bimodal neurons that receive information from
multiple modalities. In this view, perceptual information is primarily coded by neural firing rates.
Responses to multisensory stimuli from those neurons are significantly greater than the summation
of the responses elicited by two unisensory stimuli in isolation. However, pure feedforward
convergence is not sufficient to account for all aspects of multisensory processing. Several
electrophysiological studies have revealed that early sensory cortices are involved in multisensory
integration (Foxe et al., 2000; Lakatos et al., 2007; Mercier et al., 2013; Sieben et al., 2013). It is
hard to reconcile the involvement of primary cortices in multisensory integration with the notion
of hierarchical convergence.
One important aspect of multisensory integration is its temporal dynamics. The temporal
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principle of multisensory integration states that the enhancement of neuronal responses to
multisensory stimuli compared with unisensory stimuli peaks when crossmodal stimuli are
presented at approximately the same time (Meredith et al., 1987; Otto, Dassy, & Mamassian, 2013).
Previous studies have shown that the temporal relationship between inputs from multiple
modalities plays a particular role in multisensory integration (Kelly, 2005; Noesselt et al., 2012;
Spence & Squire, 2003). Crossmodal inputs are mostly perceived as simultaneous when the
stimulus onset asynchronies (SOAs) are within 100 ms (Slutsky & Recanzone, 2001; Vatakis &
Spence, 2006). The exact neural mechanisms of the temporal dynamics are not very clear.
Due to their intrinsic oscillatory properties, spontaneous brain oscillations may be a
possible candidate mechanism for multisensory integration. Studies have shown that brain
oscillations, especially alpha (8-13 Hz) and beta (15-30 Hz) waves, are involved in unisensory
stimulus perception, including touch, visual and auditory perception (Ai & Ro, 2014; LinkenkaerHansen et al., 2004; Y. Zhang & Ding, 2010). For example, visual target detection has been shown
to decrease with increases in prestimulus alpha power (Hanslmayr et al., 2007; Linkenkaer-Hansen
et al., 2004; Mathewson et al., 2009; van Dijk et al., 2008). Also, detection of weak tactile electrical
stimuli shows an inverted U-shaped relationship with prestimulus alpha power, suggesting an
optimal level of prestimulus alpha power for tactile perception (Ai & Ro, 2014; LinkenkaerHansen et al., 2004; Y. Zhang & Ding, 2010). Not only does prestimulus alpha power contribute
to subsequent stimulus perception, but alpha phase angles at stimulus onset also play an important
role. Our previous experiments showed that when a tactile stimulus coincided with the trough of
alpha oscillations, subjects were more likely to detect it (Ai & Ro, 2014). Similarly, in the visual
modality, it have been demonstrated that the phase of alpha oscillations affects visual perception
(Mathewson et al., 2009).
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Furthermore, brain oscillations (i.e. alpha oscillations) may also be a key mechanism for
integrating and selecting information in distributed networks and multiple sensory modalities. For
example, the phase of ongoing oscillatory activity in the primary auditory cortex can be “reset” by
somatosensory or visual inputs (Kayser et al., 2008; Lakatos et al., 2007). The phase of these
intrinsic oscillations serves to alternate local cortical excitabilities between high and low states,
driving neurons towards or away from their firing thresholds (Ai & Ro, 2014; Mathewson et al.,
2009). An audio-visual speech study also revealed that oscillations from the auditory cortex are
predictively modulated by visual inputs, such that auditory input arriving during a high excitability
phase is amplified. Under this account, the responsiveness of local neuronal populations to their
primary sensory inputs is modulated by cross-sensory inputs. Oscillatory gamma-band responses
(GBRs) have been suggested to be sensitive to the temporal alignment of multisensory stimulus
components (Senkowski et al., 2007). However, the exact role of alpha oscillatory activity in the
temporal dynamic of multisensory integration has not been fully understood.
Vision has been shown to be more accurate compared with touch in both temporal and
spatial aspects, and visuo-tactile integration has not been studied extensively. So this study
investigated visuo-tactile multisensory integration. Near-threshold tactile stimuli and
suprathreshold visual stimuli (i.e., LED flashes) were delivered to the left middle finger at
stimulus-onset asynchronies (SOAs) that ranged from -200 ms (vision first) to 200 ms (touch first)
in steps of 50 ms while scalp electroencephalographic (EEG) was recorded. This study assessed
how alpha oscillations contributed to the temporal dynamics of visuo-tactile integration.
Methods
Subjects
Twenty-four subjects (9 females; age range: 18-24; 5 left-handed) were recruited and
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participated after giving informed consent. All subjects had normal touch perception, vision, and
mobility, and they did not have any neurological disorders. The experiment was approved by the
Institutional Review Board of the City College of the City University of New York. Four subjects
were excluded. Among them, three had high false alarm rates (>35%) and one had a low touch
detection rate (8.8%). Twenty subjects were analyzed (7 females; age range: 18-24; 4 left-handed).
Materials
Tactile stimuli were delivered via a pair of ring electrodes (Figure 1A) that were placed on
the left middle finger. A 0.03 millisecond (ms) square-wave electrical pulse was delivered to the
electrodes using a Grass-Astromed (West Warwick, RI) S88X electrical stimulator. The intensity
of the stimuli was set to each individual’s sensory threshold level prior to the main experiment
using the method of limits. Ascending and descending series of stimulus intensities were delivered
until subjects no longer felt the stimulus in the descending series or began to feel the stimulus in
the ascending series. The threshold for each subject was defined as the average of the transition
points from both series. Visual stimuli with 1 millisecond duration were delivered using a green
LED which was placed at the same location as the tactile electrodes (Figure 1B).
Tactile and visual stimuli were presented with varying SOAs which were defined as the
onset time of visual stimuli relative to tactile stimuli. Nine SOAs plus touch only and vision only
conditions were presented. SOAs ranged from -200 ms (vision first) to 200 ms (touch first) in steps
of 50ms. Each condition was repeated 50 times. There were 550 trials in total, which were
presented randomly.
Experimental paradigm
Subjects sat in a wooden chair 57 cm from a 20-inch CRT monitor (Dell Inc., Round Rock,
TX) with their arms resting on a table in front of them. Subjects were instructed to look at the left
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middle finger. Figure 1C shows the time course of stimulus events of a typical trial. Each trial
began with a blank interval for 200 ms, which was then followed by multimodal stimuli with
varying SOA or a single stimulus (touch only or vision only). A weak tone was delivered 500 ms
after the multimodal stimuli indicating that subjects needed to respond whether or not they
perceived the tactile stimulus. Responses were made by pressing the left and right arrow on a
keyboard with their right hand. No feedback regarding their accuracy was given to the subjects.
To avoid anticipation and any potential phase-locking effects, random inter-trial intervals (ITI)
were used. Each subject completed 550 trials with a short break after every 100 trials.
EEG and ERP recording and analysis
The EEG was recorded using Grass-Astromed (West Warwick, RI) IP511 amplifiers with
18 silver-silver chloride electrodes. The single-channel electrodes were placed following the
standard 10/20 system layout (O1, O2, P3, Pz, P4, C3, Cz, C4, F3, Fz, and F4) plus Oz. The
reference electrode was placed on the left mastoid and the ground electrode was placed on the
forehead. The signal from right mastoid electrode was also recorded for offline re-reference. Three
electrodes were placed around the eyes to record eye movements: two above and below the left
eye and one lateral to the right eye. Electrode impedance was kept under 10 kOm. Online, the EEG
was first filtered with a 0.1-100Hz bandpass filter, referenced to the left mastoid electrode, and
then sampled at 1000 Hz. Offline, the continuous EEG data were re-referenced to both mastoids
and were epoched from -600 to 600 ms, time-locked to the tactile stimulus onset.
The behavioral data were analyzed in terms of touch detection rate on stimulus presentation
trials. Physiological EEG data were analyzed using EEGLAB (http://sccn.ucsd.edu/eeglab/) and
custom-written MATLAB scripts. First, the individual’s alpha frequency peak was extracted using
a Morlet wavelet transform. Specifically, for each subject, the power spectrum for each frequency
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component was obtained using a Morlet wavelet transform on the whole epoch for all electrodes.
The individual alpha frequency peak was determined as the frequency value with the maximum
power within the 7-13 Hz range for each subject and each electrode. The Morlet wavelet transform
had a fixed time window and a cycle number that changed linearly with frequency. Secondly,
phase and power at each individual’s alpha frequency peak for each time point, trial, and condition
were extracted using a Morlet wavelet with one cycle and window length changing linearly with
frequency.
Results
Behavior
Touch detection rates were calculated for all conditions across all subjects. The average
false alarm rate was 7.72% (SD = 4.73%), indicating that subjects were able to differentiate target
from non-target trials easily. Figure 2 shows the touch detection rates for all SOAs and the touchonly condition. First, the touch detection rates across all SOAs were averaged and compared with
the touch detection rate for the touch-only condition. The mean touch detection rate averaged
across SOAs was significantly higher than that of the touch-only condition (55.84% vs. 43%, p <
0.001). This is in line with the hallmark finding of multisensory integration that behavioral
performance improves when subjects receive information from multiple sensory modalities. Using
multiple comparisons with Bonferroni correction, touch detection rates were significantly higher
when visual stimuli occurred between -150 ms and 100 ms relative to tactile stimuli compared
with the touch-only condition. Furthermore, a significant inverted U-shaped relationship was
observed (quadratic fit, R2 = 0.9173, p < 0.001) between touch detection rate and SOA. These
results indicate that vision improves touch perception within roughly one alpha cycle.
Electrophysiology
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The grand average somatosensory-evoked potentials (SEPs) over the right primary
somatosensory cortex (electrode P4) for both perceived and unperceived trials are shown in Figure
3. Trials were averaged across all SOA conditions and subjects. The P300 event-related potential
was significantly larger for perceived trials than unperceived trials (p < 0.05). The P300 eventrelated potential has previously been related to information transfer to conscious perception
(Picton, 1992; Yamaguchi & Knight, 1991b). Other early SEP components were not observed for
either perceived or unperceived conditions. This may be due to interference by visual stimuli on
some short SOA conditions.
Furthermore, the ERPs to the visual stimulus over the primary somatosensory cortex
(electrode P4) and the primary visual cortex (electrode Oz) were compared. Figure 4 shows that
visual ERPs from Oz and P4 had the same latency. Visual ERPs from Oz had a significantly larger
positive component (P100) than P4 (p < 0.05), and visual ERPs from P4 had a larger negative
component (N100) than Oz (p < 0.05). Visual ERPs from both locations have a large P200
component.
In the next step, subject’s individual alpha frequency peak was calculated using a Morlet
wavelet transform. Figure 5 shows an illustration of the power spectrum for one subject. The mean
peak alpha frequency averaged across subjects was 10.32 Hz. Phase and power at each subject’s
individual alpha frequency peak for each time point, trial, and condition were then extracted from
the right somatosensory cortex (electrode P4) using a Morlet wavelet with one cycle and time
window changing linearly with frequency.
For the touch-only condition, the circular grand alpha phase mean at touch onset for
perceived and unperceived trials were compared. Figure 6A demonstrates a significant alpha phase
angle difference between perceived and unperceived trials (154.75 vs 3.47, Parametric Watson-
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Williams multi-sample test, p < 0.001). To further test the different phase angles for perceived and
unperceived trails, a bootstrap procedure was applied. In each iteration, 100 trials were randomly
and independently selected from the perceived and unperceived trials and the circular grand phase
mean was computed separately for each selection of perceived and unperceived trials. Figure 6B
shows that the distributions of the sample mean for perceived and unperceived conditions after
10,000 iterations were significantly different (Kuiper’s test, p < 0.001). These findings were
consistent with our previous results showing that the phase of alpha oscillations at touch onset
influences subsequent touch perception (Ai & Ro, 2014).
In order to assess how vision enhances the temporal dynamics of touch perception, the pretouch alpha power for vision-first SOAs and touch-first SOAs were examined respectively. For
vision-first SOAs, in correspondence with psychophysical data, there was a significant U-shaped
relationship (R2 = 0.9767, p = 0.023) between pre-touch alpha power and vision-first SOAs (Figure
7A), indicating that vision desynchronized alpha power differently. When vision preceded touch
by -100 ms, the pre-touch alpha power was the lowest while the detection rate was the highest.
Touch detection rate was then correlated with pre-touch alpha power directly and there was a
significant negative linear relationship (R2 = 0.8828, p = 0.021) (Figure 7B), confirming that alpha
power desynchronization facilitates touch perception.
Figure 7C and Figure 7D show the relationship between pre-touch alpha power and touchfirst SOAs. Detection rate was negatively correlated with positive SOA (R2 = 0.9465, p = 0.005)
as expected. However neither pre-touch alpha power and SOA nor touch detection rate (R2 = 0.s
4839, p = 0.1921) and pre-touch alpha power (R2 = 0.4746, p = 0.1983) had a significant
relationship.
Several studies have shown that sensory information from one modality appears to reset
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the phase of oscillations of another modality, resulting in a sensory perception enhancement
(Canavier, 2015; Lakatos et al., 2007). To test this, the inter-trial coherence (ITC) was calculated
at subjects’ individual alpha frequency peak over right parietal cortex (EEG electrode P4) time
locked to vision onset averaged across all SOA conditions and responses. The inter-trial phase
coherence peaked significantly after vision onset. The peak of the spike was 180 ms after vision
onset (lower panel of Figure 8), indicating that the phase of alpha oscillations was reset by visual
stimuli. Next, the phase distributions for different time points during the phase resetting period
were then extracted using a bootstrap analysis. Inversions of phase angle polarity between two
time points 50 ms apart (upper panel of Figure 8) were found, demonstrating that phase angle
distribution shifting follows an alpha cycle and indicating that visual stimuli reset somatosensory
alpha phase reliably.
Discussion
Our results provide evidence that both the power and phase angles of alpha oscillations
play a significant role in the temporal dynamics of visuo-tactile integration. First, our results
demonstrate that vision improved touch perception when it occurred within roughly one alpha
cycle relative to touch onset. Second, visual stimuli desynchronized ongoing alpha oscillations and
facilitated touch perception. Specifically, a negative correlation between pre-touch power and
touch detection rate for vision-first SOAs was measured, suggesting that reduced alpha power
induced by visual stimuli can enhance tactile stimulus perception. Third, the inter-trial coherence
of alpha oscillations over somatosensory cortex peaked significantly shortly after vision onset,
demonstrating alpha phase resetting by vision. Fourth, in line with our previous study, alpha phase
angles at touch onset influenced subsequent touch perception. Specifically, subjects were more
likely to perceive a touch stimulus when it coincided with the alpha trough and vice versa.
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The Temporal binding windows
Studies have shown that visual and auditory information can enhance touch perception (Ro,
Hsu, Yasar, Elmore, & Beauchamp, 2009; Ro, Wallace, Hagedorn, Farnè, & Pienkos, 2004) and
even non-informative vision improves tactile sensitivity (Harris, Arabzadeh, Moore, & Clifford,
2007). Moreover, studies involving both human and nonhuman subjects have found that
multisensory integration has an optimal temporal range. For example, a study that investigated the
temporal aspect of the visuo-tactile congruency effect showed that the largest crossmodal
congruency effect was obtained when vision preceded touch by 100ms (Shore, Barnes, & Spence,
2006). Moreover, significant effects were also found when touch preceded vision by 100 ms.
Another study on primate cortex found that audiovisual multisensory interactions were maximal
when a visual stimulus was presented before an auditory stimulus by 20 to 80 ms (Kayser et al.,
2008). The temporal characteristic of multisensory integration is summarized by the temporal
principle which states that the largest responses occur when cross-modal stimuli occur close
together in time, and this enhancement declines as the stimuli become increasing separated in time
(Meredith et al., 1987; Otto et al., 2013). Our results are in line with the temporal principle, in that
touch detection rates were significantly higher when visual stimuli occurred roughly within one
alpha cycle relative to the tactile stimuli. Across SOAs, a significant inverted U-shaped function
was observed, with the highest touch detection rate when vision preceded touch by 100 ms.
When vision occurred after touch onset by up to 100 ms, touch detection rates were still
significantly higher than that for the touch-only condition. One possible explanation is that when
visual stimuli were delivered within 100 ms after tactile stimuli, the P300 event-related potential
to the tactile stimulus was enhanced by the visual stimulus. P300 has been thought to relate to
information transfer to conscious perception (Bruyant et al., 1993; Picton, 1992; Yamaguchi &
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Knight, 1991a, 1991b). In line with previous results, this study demonstrated that perceived trials
have a larger P300 component than unperceived trials. Our results also showed that the average
latency of EPRs locked to vision over parietal cortex was about 180ms (Figure 4). When visual
stimuli were delivered 50 or 100 ms after touch onset, the visually-evoked ERPs coincided with
the P300 ERPs induced by tactile stimuli, which in turn enhanced the P300. Therefore, touch
detection rate was improved by the enhancement of P300. This is also consistent with the temporal
principle of the multisensory integration, which suggests that maximum enhancement is obtained
when peak evoked responses by each modality overlap (Meredith et al., 1987).
Alpha power desynchronization modulated by visual stimuli
A significant negative linear relationship between pre-touch alpha power and touch
detection rate was observed when visual stimuli were presented prior to tactile stimuli, suggesting
that alpha power desynchronizations play an active role in touch perception. Numerous studies
have shown that alpha power desynchronizations are linked to brain functions (Adrian & Matthews,
1934; Fukuda et al., 2010; G. Pfurtscheller, 1992, 2003). Since the discovery of alpha waves, alpha
oscillations have been shown to be weaker when eyes are open (Adrian & Matthews, 1934).
Recently, alpha suppression has been related to behavioral performance in different sensory
modalities (Ai & Ro, 2014; Mathewson et al., 2009; Y. Zhang & Ding, 2010). Moreover, several
studies have shown a negative correlation between alpha power and metabolic activity (Goldman,
Stern, Engel, & Cohen, 2002; Laufs, Kleinschmidt, et al., 2003; Laufs, Krakow, et al., 2003). In
the current experiment, the lowest pre-touch alpha power gave rise to the highest rate of touch
detection.
The most interesting finding of the current study was that alpha power was modulated by
the temporal dynamics of the visuo-tactile stimuli. Specifically, vision desynchronized alpha
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power differently depending on its temporal relationship with touch. To our knowledge, our result
provides the first evidence that vision modulates pre-touch alpha power, which, in turn, influences
subsequent touch perception. This finding is in line with the inhibition-timing hypothesis of alpha
oscillations, which suggests that alpha event-related synchronization reflects inhibitory control
processes (Jensen & Mazaheri, 2010; Klimesch et al., 2007). Based on the inhibition-timing
hypothesis, alpha oscillations play an active role in inhibitory control and in the timing of cortical
processing. High alpha power oscillations represent high inhibition and low excitability whereas
low alpha power oscillations represent low inhibition and high excitability.
Somatosensory alpha phase resetting by vision
The phase of brain oscillations have proven to influence sensory information processing
and shaping the brain state in unimodal information processing (Ai & Ro, 2014; Mathewson et al.,
2009). For example, our previous study showed that the alpha phase angles at touch onset
influenced subsequent conscious touch perception (Ai & Ro, 2014). Furthermore, numerous
studies have also shown that synchronized oscillatory activities between multimodal input are
related to a large variety of cognitive functions (Ai & Ro, 2014; Bauer, Oostenveld, Peeters, &
Fries, 2006; Canavier, 2015; Mercier et al., 2013). Lakatos and colleagues investigated the effects
of somatosensory inputs on auditory responses and found enhancement of oscillations in both delta,
theta, and gamma frequencies (Lakatos et al., 2007). Further analysis showed that these
enhancements were mainly due to a phase resetting of auditory oscillations by somatosensory
stimuli. The phase of brain oscillations alternates local cortical excitability between high and low,
driving neurons toward or away from their firing threshold (Lakatos et al., 2005). Under this
account, the behavioral responsiveness of one modality is modulated by another sensory modality
through phase resetting (Diederich, Schomburg, & Colonius, 2012; I. C. Fiebelkorn et al., 2013;
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Ian C. Fiebelkorn et al., 2011).
In line with previous studies, our results showed reliable phase resetting of alpha
oscillations by visual stimuli, which partly contributes to the enhancement of touch detection.
Theoretically, when alpha phase is reset by another stimulus, during the phase resetting period, the
phase distribution between two time points 50 ms apart should have opposite phase polarities. Our
analysis confirms the phase resetting by visual stimuli over somatosensory cortex by showing very
reliable phase polarity shifts that follow an alpha cycle pattern after visual stimulus onset. These
findings support the notion that input from one modality can modulate brain oscillations of another
modality and then shape the processing of the information.
Phase-power interaction
The results demonstrate that vision desynchronizes and phase resets ongoing alpha
oscillations to facilitate touch detection. However, the power and phase of alpha oscillations
influence brain function interactively (as illustrated in Figure 9). In one case, alpha power
desynchronization predominantly improved touch detection, such that when vision preceded touch
by 100 ms, alpha power was lowest with detection rate at its highest. In another case, alpha phase
at stimulus onset influenced subsequent touch detection as this, and our previous studies show. I
hypothesize that alpha power level controls the overall brain inhibition level and that alpha phase
controls the precise timing aspect of the information processing (Ai & Ro, 2014; Klimesch et al.,
2007).
A visual stimulus occurring 100 ms prior to a tactile stimulus desynchronizes alpha power,
which then minimizes the inhibition level and puts the brain into an optimal state to facilitate touch
detection. This was reflected by our result that the touch detection rate was highest when vision
preceded touch by 100 ms. However, the alpha phase distribution at touch onset when vision
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preceded touch by 100 ms focused at the peak half of the alpha cycle which is usually considered
as an unfavorable phase angles for touch detection. I hypothesize that the alpha power
desynchronization set the brain in an optimal state for touch detection in such a way that it
overrides alpha phase effects so that touch detection is still high even at low excitability phase
angles (peak half).
However, when alpha power desynchronization is not at its highest, for example when
vision precedes touch by 150 and 200 ms, the brain state would not support a general high touch
detection rate regardless of alpha phase angles at touch onset. By comparing those two conditions,
the alpha phase at touch onset when vision preceded touch by 150 ms focused on the trough half
of the alpha oscillations, while the alpha phase at touch onset when vision preceded vision by 200
ms focused on the peak half of the alpha oscillations. This alpha phase difference at least partially
contributes to the different touch detection rates associated with these SOAs: touch detection rate
was higher than for the touch-only condition when vision preceded touch by 150 ms and not
significantly higher when vision preceded touch by 200 ms.
In summary, this study showed a systematic influence of parietal alpha oscillations on the
temporal dynamics of visuo-tactile multisensory integration. Vision improves touch detection
within one alpha cycle. Furthermore, vision desynchronizes and phase resets ongoing alpha
oscillations to facilitate touch detection.
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Figure 4.1. Experiment paradigm. A. A picture of the tactile electrodes. They were attached to
the left middle finger. B. An illustration of stimuli presentation setup. The tactile electrodes were
placed on the left middle finger and wrapped up using tape. A green LED was placed at the same
location on the left middle finger. C. A typical trial timeline. Vision and touch were presented with
different SOAs, including positive (touch fist) and negative (vision first) SOAs. A weak tone was
delivered 500 ms after the last stimulus (vision for positive SOAs and touch for negative SOAs)
to indicate the subject to respond. Random inter-trials intervals (ITIs) were used.
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Figure 4.2. Touch detection rates for all SOAs and touch-only condition. The x-axis represents
the SOAs between touch and vision onset. Negative SOAs represent vision preceding touch while
positive SOAs represent touch preceding vision. Blue bars are detection rates for each condition.
The black dashed line represents a significant quadratic fit between SOA and touch detection. The
error bars are standard errors (SE).
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Figure 4.3. Somatosensory evoked ERPs. Grand average somatosensory-evoked potentials
(SEPs) over the right primary somatosensory cortex for perceived (blue) and unperceived (red)
target-present trials. The P300 was significantly larger for perceived trials than for unperceived
trials. The shaded region indicates a significant difference between the two conditions. 0 ms
represents the tactile stimulus onset.

71

Figure 4.4. Visual evoked ERPs. Grand average visual evoked ERPs locked to vision over
primary somatosensory cortex (red) and primary visual cortex (blue). The shaded region indicates
a significant difference between the two locations. Time 0 is the vision onset.
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Figure 4.5. An illustration of the power spectrum from one subject. The y-axis represents
power (arbitrary unit) and the x-axis represents frequency. The vertical line represents the
maximum power at 10.3 Hz within the alpha wave range.
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Figure 4.6. Alpha phase effect. A: Mean phase angles for perceived and unperceived trials for
the touch-only condition showing in one alpha cycle. B: Results of a bootstrap analysis of the
phase grand mean of alpha oscillations for perceived and unperceived trials. The size of the blue
outlined vectors represents the number of iterations that fell into the given phase bins. The black
lines represent the mean phase vector (both direction and length).
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Figure 4.7. Alpha power effect. A: the pre-touch power and touch detection rates for vision-first
SOAs. Red bars and red y-axis on the right side represent pre-touch power while blue bars and
blue y-axis on the left side represent touch detection rates. Dashed red and blue lines represent
significant quadratic fits for pre-touch power and touch detection rate respectively. B: The
correlation between touch detection rate (y-axis) and pre-touch alpha power (x-axis) for visionfirst SOAs. The black dashed line represents a significant negative linear fit. C: the pre-touch
power and touch detection rates for touch-first SOAs. Red bars and red y-axis on the right side
represent pre-touch power while blue bars and blue y-axis on the left side represent touch detection
rates. Dashed red and blue line represent linear fits for pre-touch power (not significant) and touch
detection rate (significant) over touch-first SOAs respectively. D: The correlation between touch
detection rate (y-axis) and pre-touch alpha power (x-axis) for touch-first SOAs. The black dashed
line represents a negative linear fit (not significant).
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Figure 4.8. Alpha phase resetting. The lower panel represent mean inter-trial phase coherences
locked to vision onset (0 ms). The shaded area indicates the duration in which ITC differs
significantly from the baseline (-100 ms to 0 ms). The upper panel represent phase distributions
from the Bootstrap analysis from several time points (100, 150, and 200 ms) after vision onset.
Those time points corresponded SOAs of -100, -150 and -200.
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Figure 4.9. Alpha power and phase interaction. The top, middle and bottom panel represent
detection rate, alpha power level, and alpha phase angle distribution respectively for all visionfirst SOAs. In the middle panel, the red dashed line represents the excitability level of the brain
while the sine waves represent alpha oscillation and inhibition level. Note that when vision
preceded touch by 100 ms (-100 ms SOA), brain excitability level is higher than inhibition level,
resulting in an improvement in touch detection regardless of alpha phase. When vision preceded
touch by 150 (-150 SOA) and 200 ms (-200 SOA), alpha phase angles contribute to touch detection
due to high inhibition levels compared with excitability level.
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Chapter 5
Individual alpha frequency peak correlates with visuo-tactile temporal integration window
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Introduction
In many circumstances, the synchronous occurrence of multisensory stimuli contributes to
their successful merging into a coherent perceptual representation in the brain. For example, seeing
a person’s lip movements and hearing their voice help to understand the person’s speech. It has
been shown that multisensory stimuli presented in close temporal proximity are often integrated
into a single, unified perception (Andersen et al., 2004; Skipper, van Wassenhove, Nusbaum, &
Small, 2007). This perceptual binding over a given temporal interval is best captured in the
construct of a multisensory temporal binding window (TBW).
The multisensory temporal binding window exhibits a few characteristics. First, the width
of the temporal binding window shows large inter-subject variation. Several studies have shown
large individual differences in the temporal binding window of multisensory simultaneity
perception (Cecere et al., 2015; Mollon & Perkins, 1996; Stevenson et al., 2012; Stone et al., 2001).
Second, simultaneity perception of two stimuli with the same temporal relationship shows a
considerable variation across trials and subjects (Cecere et al., 2015; Lange et al., 2012). For
example, when tactile and visual stimuli are presented with a stimulus-onset asynchrony (SOA) of
100ms, subjects show a large variation when asked to judge whether two stimuli were presented
simultaneously or not. In this case, non-simultaneously presented multi-modal stimuli are
frequently misperceived as simultaneous (Harrar & Harris, 2005, 2008; Kopinska & Harris, 2004).
However, it is still unclear exactly what accounts for these variations in the temporal binding
window and simultaneity perception.
The traditional view states that there is a relatively large temporal window for multisensory
integration, and that the brain is simply insensitive to small differences in the temporal onset of
different sensory signals (Meredith et al., 1987). More recently, however, Sugita and Suzuki
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(Sugita & Suzuki, 2003) have suggested that, rather than having a large temporal window for
multisensory integration, humans may use distance information of the stimulus sources supplied
by the visual system to coordinate different types of sensory information, especially between
auditory and visual inputs. For example, auditory and visual information from the same event
arrive at the brain at different times due to different transmission velocities in the air. An alternative
explanation is that of temporal ventriloquism, which states that the perceived time onset of a visual
stimulus can be shifted toward a subsequently sound to temporally align with it (Morein-Zamir,
Soto-Faraco, & Kingstone, 2003). However, the exact neural mechanism of the temporal binding
window for multisensory integration has not been fully understood.
Due to their intrinsic rhythmic nature, brain oscillations are a potential neural mechanism
and explanation. Studies have shown that individual alpha frequency (IAF) peaks appear to
influence many cognitive functions (Cecere et al., 2015; Klimesch, Sauseng, & Gerloff, 2003;
Klimesch et al., 1993). For example, IAF predicts the amplitude of visual evoked potentials as well
as the amplitude of alpha responses to visual stimuli (Koch, Koendgen, Bourayou, Steinbrink, &
Obrig, 2008). Furthermore, IAF is also positively correlated with memory performance and
attentional demand (Klimesch et al., 1993). Klimesch and colleagues found that patients with
Alzheimer’s disease have a lower IAF than that of the control group. Moreover, they showed that
Alzheimer’s disease patients with a better memory performance have a higher IAF than those with
a lower memory performance (Klimesch, Schimke, Ladurner, & Pfurtscheller, 1990). Another
study showed that an increase in IAF resulting from neuro-feedback training in the elderly
improves cognitive processing speed and executive functions (Angelakis et al., 2007). Furthermore,
Cecere and colleagues found a negative correlation between IAF peak and the size of the temporal
window of the sound-induced flash illusion (Cecere et al., 2015).
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Besides individual alpha frequency peaks, the power and phase of alpha oscillations also
influence the information processing in the brain. For example, visual target detection has been
shown to decrease with increases in pre-stimulus alpha power (Hanslmayr et al., 2007; LinkenkaerHansen et al., 2004; Mathewson et al., 2009; van Dijk et al., 2008). Also, the detection of weak
tactile stimuli shows an inverted U-shaped relationship with pre-stimulus alpha power, suggesting
the existence of an optimal level of pre-stimulus alpha power for touch perception (Ai & Ro, 2014;
Linkenkaer-Hansen et al., 2004; Y. Zhang & Ding, 2010). Not only does pre-stimulus alpha power
contribute to subsequent stimulus perception, but alpha phase angles at stimulus onset also play an
import role. Our previous experiment showed that when a tactile stimulus coincides with the trough
of alpha oscillations, subjects are more likely to detect the tactile stimulus (Ai & Ro, 2014). In the
visual domain, similar results were found that the phase of alpha oscillations affecting visual
stimulus perception (Mathewson et al., 2009). Furthermore, one recent study showed both beta
and alpha pre-stimulus power influence subjects’ report of simultaneity. They found that when
SOA was 45 ms between two tactile stimuli, subjects frequently misperceived them as
simultaneous (Lange et al., 2012). They also demonstrated that this misperception was associated
with increased beta band (20-30 Hz) power over the somatosensory cortex compared with trials
perceived as not simultaneously. I hypothesized that alpha oscillation power and phase might
contribute to simultaneity perception variation.
In this chapter, I used a visuo-tactile simultaneity judgment paradigm and psychophysics
and electrophysiological methods to assess the neural basis of the visuo-tactile multisensory
integration, specifically, I investigated how IAF peak links to the temporal binding window for
visuo-tactile simultaneity perception and how alpha oscillations affect simultaneity perception
variations.
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Methods
Subjects
Twenty-nine subjects (14 females; age range: 18-51; 2 left-handed) were recruited and
participated after giving informed consent. All subjects had normal touch perception, vision, and
mobility, and they did not have any neurological disorders. The experiment was approved by the
Institutional Review Board of the City College of the City University of New York. Eight subjects
were excluded due to poor psychometric functions. Twenty-one subjects were analyzed (8 females;
age range: 18-33; 2 left-handed).
Materials
Tactile stimuli were delivered via a pair of ring electrodes (Figure 1A) that were placed on
the left middle finger. A one millisecond (ms) square-wave electrical pulse was delivered to the
electrodes using a Grass-Astromed S88X electrical stimulator (West Warwick, RI). Visual stimuli
with one millisecond duration were delivered using a green LED driven by a TTL pulse from the
parallel port of a computer. The LED was placed at the same location as the tactile electrodes
(Figure 1B). In order to match the intensity of tactile stimuli and visual stimuli, subjects were
asked to rate their subjective feeling of the visual stimulus intensity level from 1 to 10 (10 as the
strongest and 1 as the weakest), then they were asked to judge the intensity level of tactile stimuli
and it was subsequently adjusted to match subjects’ subjective rating of the visual stimulus
intensity level. All subjects were able to perceive both visual and tactile stimuli clearly.
Tactile and visual stimuli were presented with varying SOAs ranging from -400 ms (vision
first) to 400 ms (touch first) in steps of 100ms. Each condition was repeated 50 times. There were
450 trials in total which were presented randomly.
Experimental paradigm
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Subjects sat in a wooden chair 57 cm from a 20-inch CRT monitor (Dell Inc., Round Rock,
TX) with their arms resting on a table in front of them. Subjects were instructed to look at their
left middle finger. Figure 1C shows the time course of stimulus events of a typical trial. Each trial
began with a blank interval for 1000 ms, which was then followed by multimodal stimuli with
varying SOAs. Subjects were asked to respond whether or not they perceived the tactile stimulus
and visual stimulus simultaneously. Subjects were instructed to respond after a weak tone that was
delivered 500 ms after the last multimodal stimulus. Responses were made by pressing the left and
right arrow on a keyboard with the right hand. No feedback regarding their accuracy was given to
the subjects. To avoid anticipation and any potential phase-locking effects, random inter-trial
intervals (ITI) were used. Each subject completed 450 trials in total with a short break after every
100 trials.
EEG and ERP recording and analysis
The EEG was recorded using Grass-Astromed (West Warwick, RI) IP511 amplifiers with
18 silver-silver chloride electrodes. Electrodes were placed following the standard 10/20 system
layout (O1, O2, P3, Pz, P4, C3, Cz, C4, F3, Fz, and F4) plus Oz. The reference electrode was
placed on the left mastoid and the ground electrode was placed on the forehead. The signal from
the right mastoid electrode was also recorded for offline re-referencing. Three electrodes were
placed around the eyes to record eye movement: two above and below the left eye and one lateral
to the right eye. Electrode impedance was kept under 10 kOm. Online, the EEG was first filtered
with a 0.1-100Hz bandpass filter, referenced to the left mastoid electrode and then sampled at 1000
Hz. Offline, the continuous EEG data were converted to microvolts, re-referenced to both mastoids,
and were epoched from -800 to 800 ms, time locked to the tactile stimulus onset. Trials with large
eye activity interference (larger than 75 uV and smaller than -75 uV) were excluded from further
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analysis.
The behavioral data was analyzed in terms of simultaneity perception rates which were
calculated as the percentage of trials that subjects responded having perceived the tactile and visual
stimuli as simultaneous for each SOA. Psychometric sigmoid functions were fit to the simultaneity
perception rates for vision-first SOAs and touch-first SOAs respectively. The 0 ms SOA was
included in both vision-first and touch-first psychometric sigmoid fittings. The vision-first SOAs
and touch-first SOAs temporal binding windows for each subject were then calculated as the SOA
value at which the best-fit sigmoid’s y-value equals to a 50% rate of simultaneity perception
respectively (Figure 2).
Physiological EEG data were analyzed using EEGLAB (http://sccn.ucsd.edu/eeglab/) and
custom-written MATLAB scripts. For each subject and each electrode, a Morlet wavelet transform
with a fixed time window and cycle numbers changing linearly with frequency was used to extract
the power of each frequency component at each time point of a whole epoch. The individual alpha
frequency peak was determined as the frequency value with the maximum power within the 7-13
Hz range for each subject and each electrode. Phase and power at subjects’ individual alpha
frequency peak for each time point, trial, condition, and subject were then extracted using a Morlet
wavelet with one cycle and the time window changing linearly with frequency.
Results
Behavior
The mean width of the temporal binding window across all subjects was 243.82 ms for
vision-fist SOAs and 250.10 ms for touch-first SOAs. There was no significant difference between
the width of the temporal binding window for vision-first SOAs and touch-first SOAs (p = 0.65,
Figure 3A). Figure 3B shows the simultaneity perception rates averaged across subjects for all
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SOAs. The point of subjective simultaneity (defined as the SOA value of the peak of a Gaussian
fit on the simultaneity perception rates across the whole SOA ranges) was measured at the
condition when vision and touch were presented simultaneously (SOA at 0 ms). Furthermore, there
was an inverted U-shaped relationship between simultaneity perception rate and the SOA
(quadratic fit, R2 = 0.94, p < 0.001), indicating that simultaneity perception rates decreased when
SOAs increased in both directions (touch-first and vision-first).
The vision-first temporal binding window and touch-first temporal binding window were
calculated from each subject’s psychometric functions from vision-first and touch-first conditions
plus simultaneous condition (SOA at 0 ms). To better understand the large variations in subject’s
individual temporal binding windows, the correlation between subjects’ individual alpha
frequency peak and the temporal binding window was then analyzed. The individual alpha
frequency peak from electrode Pz was significantly linearly correlated with the width of the visionfirst (vision preceded touch) temporal binding window (R2 = 0.6797, p < 0.001, Figure 4A).
However, there was no significant linear correlation between individual alpha frequency peak and
the width of the touch-first temporal binding window (R2 = 0.0822, p = 0.2076, Figure 4B). The
total width of the temporal binding window of each subject was defined as the sum of the width
of the vision-first and of the touch-first temporal binding windows. A significant linear correlation
between individual alpha frequency peak and total width of the temporal binding window (R2 =
0.4217, p < 0.01, Figure 4C) was observed.
The linear fit function (Figure 4A) for the vision-first temporal binding window and
individual alpha frequency peak is 𝑇𝑇𝑇𝑇W = (12.85 - IAF) × 90.9, indicating that 1 Hz increase of
individual alpha frequency peak decreased the width of the temporal binding window by 90.9 ms,
which is roughly an alpha cycle duration.
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As Figure 3B shows, when SOAs were in the intermediate level (i.e. -200 ms and 200 ms),
simultaneity perception rates were around 60%, indicating a large probability that subjects reported
they perceived multimodal stimuli as simultaneous even when multimodal stimuli were actually
delivered at different onsets. Specifically, this demonstrates that subjects perceived multimodal
stimuli with intermediate SOAs as simultaneous in some trials and as non-simultaneous in some
other trials. There were large variations in simultaneity perception between trials even for stimuli
with a same SOA. In the next step, we investigated the effects of alpha oscillations on simultaneity
perception variations. First, we investigated how alpha frequency peak of individual trials would
affect simultaneity perception. For each individual trial, its alpha frequency peak was extracted
using a Morlet wavelet transform. Trials were then sorted and divided into 6 bins based on their
alpha frequency peak (7-8 Hz, 8-9Hz, 9-10Hz, 10-11Hz, 11-12Hz, and 12-13Hz). Simultaneity
perception rate was calculated for each bin independently. As figure 5 shows, there was a
significant negative linear relationship between simultaneity perception and alpha frequency peak
(R2 = 0.9169, p = 0.002), suggesting that high alpha frequency peak was associated with low
simultaneity perception.
Secondly, I assessed how pre-stimulus alpha power would influence simultaneity
perception. I selected the vision-first SOA and touch-first SOA condition whose simultaneity
perception rates were most close to the chance level (50%) for each subject. I then pre-stimulus
extracted alpha power and phase at subjects’ individual alpha frequency peak on the selected SOAs
from electrode Pz. The pre-stimulus was defined as the period 200 ms prior to the first stimulus
onset. All trials from the selected SOA conditions were sorted based on their pre-stimulus alpha
power and were then grouped into 10 bins with power increasing from bin 1 to bin 10. Simultaneity
perception rates were then calculated for all power bins independently. As Figure 6 shows, there
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was a significant linear relationship between pre-stimulus alpha power and simultaneity perception
rate (R2 = 0.5254, p = 0.017), indicating that the lower the pre-stimulus alpha power, the lower the
simultaneity perception rate. Alpha phase angles at touch onset between simultaneity trials and
non-simultaneity trials were also compared and no significant difference was observed (37.79 vs.
-3.61, Parametric Watson-Williams multi-sample test, p = 0.11).
Discussion
In this experiment, I evaluated how brain oscillations contribute to visuo-tactile
simultaneity judgment. Specifically, this study demonstrated that 1) the width of temporal binding
window for visuo-tactile simultaneity perception was correlated with the individual alpha
frequency peak. Higher individual alpha frequency peak indicates smaller temporal binding
window. 2) Subjects frequently misperceived multi-modal stimuli with intermediate SOAs as
simultaneous, and pre-stimulus alpha power was negatively correlated with simultaneity
perception.
Visuo-tactile simultaneity judgment and the temporal binding windows
By manipulating SOAs between touch and vision onset, I studied the temporal binding
window using a simultaneity judgment task. Previous studies using an audio-visual simultaneity
judgment have found that the likelihood of reporting simultaneity is maximal when multimodal
stimuli are presented in close temporal proximity, and this result has been confirmed by many
other studies even with different experiment parameters (Fujisaki, Shimojo, Kashino, & Nishida,
2004; Vroomen, Keetels, De Gelder, & Bertelson, 2004; Zampini, Guest, Shore, & Spence, 2005;
Zampini, Shore, & Spence, 2003). Our results are in line with previous studies in showing that
simultaneity perception rate was maximal when stimuli were presented simultaneously and
decreased as SOAs increased.
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The temporal binding windows for vision-first SOAs and touch-first SOAs for each subject
was measured independently. There was no significant difference between the vision-first and the
touch-first temporal binding window. This result is different to the previous results of audio-visual
simultaneity judgment which found that the temporal binding windows of vision first were larger
than those for audition first (Colonius & Diederich, 2010, 2011; Dixon & Spitz, 1980). In the
visuo-auditory domain, this difference has been proposed to result from the inherent nature of realworld audio-visual events, because of light propagation speed being faster than sound propagation
speed. Thus, the neural system has adjusted to adopt this propagation speed difference associated
with audio-visual events by enlarging the temporal binding windows in vision-leading conditions.
Another explanation of this asymmetry is from an asymmetry in Bayesian prior across SOAs
corresponding to the higher probability that visual-first pairs are generated by the same external
event (Colonius & Diederich, 2010, 2011). However, no significant difference between the visionfirst or touch-first temporal binding windows was observed; a possible reason may be the lack of
propagation speed differences due to a shorter transmission distance (the distance the body can
reach) between vision and touch in real life than for visuo-auditory events.
Individual alpha frequency peaks and the temporal binding windows
Studies have shown that individual alpha frequency peaks are related to various cognitive
functions, including memory, attention and perception (Angelakis et al., 2007; Klimesch et al.,
2003, 1990, 1993; Koch et al., 2008). The amplitude of the visual evoked potentials (VEPs) can
be predicted by individual alpha frequency peaks in such a way that the higher the IAF peaks, the
smaller the VEPs and oxygenation responses (Koch et al., 2008). Moreover, individual alpha
frequency peaks have also been correlated with perceptual illusions (Cecere et al., 2015; Stevenson
et al., 2012). Cecere and colleagues investigated the effect of IAF peaks on sound-induced double
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flash illusions (Cecere et al., 2015) and found that alpha cycle duration is positively correlated
with the size of the temporal window for the illusion. Furthermore, by using a transcranial
alternating current stimulation (tACS), they manipulated subject’s IAF peaks (increased/decreased
by 2 Hz) and thus changed (shrunk/enlarged) the temporal window of the illusion correspondingly.
Other studies have shown that intra-individual alpha frequency peak increases throughout
childhood, peaks around pubertal age, and decreases from the age of 40 (Bazanova, 2008; Clark
et al., 2004; Stroganova, Orekhova, & Posikera, 1999). In line with previous results, I found that
IAF peak was negatively correlated with the visuo-tactile temporal binding window. Subjects
tended to have a smaller visuo-tactile temporal binding window width when they had a higher
individual alpha frequency peak. Moreover, we demonstrated that alpha frequency peak from
individual trial influence influenced simultaneity perception in a way that the higher the alpha
frequency peak, the lower the likelihood that subjects perceived multimodal stimuli as
simultaneous.

Klimesch proposed that fast oscillating thalamo-cortical feedback loops would facilitate
the access of encoded information (Klimesch et al., 1993). Studies have shown that cyclical alpha
oscillations determine the capacity and speed of memory (Lebedev, 1994). Recently, alpha
oscillations have been found to characterize feedback processing in the visual cortex (Michalareas
et al., 2016; van Kerkoerle et al., 2014). Subjects with a higher individual alpha frequency peak
might have a faster feedback of visual information processing in the brain compared to subjects
with a lower individual alpha frequency peak. One account of the temporal binding window
formultisensory integration is that for stimuli in one modality with long processing times, if
another stimulus occurs during the processing period of the first stimulus, subjects are more likely
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to report them as simultaneous (Meredith et al., 1987). Our results suggest that higher individual
alpha frequency peaks may lead to a faster processing time and a higher information refresh rate
in the brain, thus leading to a smaller temporal binding window for subsequent stimuli processing.
Furthermore, the results also showed that when individual alpha frequency peak increased by 1
Hz, the width of the temporal binding window decreased by 90.9 ms, which is an alpha cycle
duration. This suggests that alpha frequency peaks play an active role in influencing the temporal
binding window.
This study investigated both the vision-first and touch-first temporal binding windows, and
only found a significant correlation between the vision-first temporal binding window and the
individual alpha frequency peak, and not between the touch-first temporal binding window and
the individual alpha frequency peak. The exact reason is unknown. However, this is in line with
the hypothesis that alpha oscillations are correlated with feedback of visual processing. For visionfirst SOAs, variations of individual alpha frequency peaks affect the feedback loop of visual
information processing and then affect the temporal binding window width. However, for touchfirst SOAs, visual processing feedback does not affect the temporal time window width. In chapter
4, our results demonstrate that vision desynchronized ongoing oscillations and then affected touch
perception only when vision preceded touch (vision-first conditions). This was in line with the
current result that only showed a correlation between individual alpha frequency peak and the
width of the temporal binding window in vision-first conditions.
Simultaneity judgment variation and pre-stimulus alpha power
Subjects frequently perceived non-simultaneous multimodal stimuli with intermediate
SOAs as simultaneous. Specifically, subjects perceived the same multimodal stimuli as
simultaneous in some trials but perceive them as non-simultaneous in some other trials. This
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simultaneity judgment variation has not been fully understood. Our results demonstrated that
ongoing brain alpha oscillations might influence for these simultaneity judgment variations. The
result showed that simultaneity perception was negatively correlated with alpha frequency peak
from individual trials, suggesting that when a trials had higher alpha frequency peak, the possibility
of perceiving as simulations was lower. This was in line with the result of individual alpha
frequency peak and the temporal binding window. Trials with higher alpha frequency peak
indicates a faster feedback of visual information processing in the brain (Michalareas et al., 2016;
van Kerkoerle et al., 2014), which then resulted in a better distinguishing of multimodal stimulus
onset and a lower simultaneity perception.
Furthermore, the results also showed that simultaneity perception was positively correlated
with pre-stimulus alpha power from electrode Pz, indicating that simultaneity perception was low
when pre-stimulus alpha power was low. This was in line with our previous result in Chapter 4
that pre-touch alpha desynchronizations facilitate touch perception.
Previous studies have shown that alpha power desynchronizations are linked with brain
functions (Adrian & Matthews, 1934; Fukuda et al., 2010; G. Pfurtscheller, 1992, 2003). Recently,
alpha suppression has been related to behavioral performance in different sensory modalities (Ai
& Ro, 2014; Mathewson et al., 2009; Y. Zhang & Ding, 2010). The inhibition-timing hypothesis
of alpha oscillations states that alpha synchronizations reflect inhibitory control processes (Jensen
& Mazaheri, 2010; Klimesch et al., 2007). Based on the inhibition-timing hypothesis, alpha
oscillations play an active role in the inhibitory control and the timing of cortical processing and
alpha power desynchronizations represent low inhibition and high excitability for sensory
processing.
The current study found that low pre-stimulus alpha power was correlated with low

91

simultaneity perception. When pre-stimulus alpha power was low, the brain state was at an optimal
state that facilitated sensory processing, resulting in a low visuo-tactile simultaneity perception
rate. Our result is in line with a previous study that investigated pre-stimulus power on unimodal
simultaneity perception showing a negative linear function between pre-stimulus power in the beta
band and tactile simultaneity perception at intermediate SOAs (Lange et al., 2012).
However, there were no alpha phase differences between simultaneity trials and nonsimultaneity trials. One possible reason is that the temporal binding window is relatively large
(hundreds of milliseconds) so that it is not very sensitive to exact timing.
In summary, this study demonstrated the effects of spontaneous brain alpha oscillations on
visuo-tactile simultaneity perception. These findings suggest that individual alpha frequency peaks
account for the variation in the visuo-tactile temporal binding windows and that parietal alpha
power desynchronizations influence visuo-tactile simultaneity perception.
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Figure 5.1. Experiment paradigm. A. A picture of the tactile electrodes. They were attached to
the left middle finger. B. An illustration of stimuli presentation setup. The tactile electrodes were
placed on the left middle finger and wrapped up using tapes. A green LED was placed at the same
location on the left middle finger. C. A typical trial timeline. Vision and touch were presented with
different SOAs, including positive (touch fist) and negative (vision first) SOAs. A weak tone was
delivered 500 ms after the last stimulus (vision for positive SOAs and touch for negative SOAs)
to indicate subject to respond. Random inter-trials intervals (ITIs) were used.
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Figure 5.2. An illustration of psychometric sigmoid function from one typical subject. The
vision-first sigmoid function (red dotted line) and touch-first sigmoid functions (blue dotted line)
were fitted respectively. The temporal binding windows were then estimated as the SOA values
(vertical black lines) at which the best-fit sigmoid’s y-value equals to 50% (horizontal black
dashed line) rate of simultaneity perception respectively.
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Figure 5.3. Behavirior results. A. The width of the temporal binding windows for vision-first
conditions and touch-first conditions. B. Touch-vision simultaneity perception rates averaged
across all subjects for all SOAs. Dotted line represents a significant quadratic fit. Error bars
represent standard errors.
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Figure 5.4. Correlations between individual alpha frequency peak and thetemporal binding
window. A. The individual alpha frequency peak was negatively correlated with the vision-first
binding window. Each cyan dot represents the vision-first temporal bind window and individual
alpha frequency peak for one individual subject. The black dashed line represents a significant
linear fit. B. As the same with A, but it shows the correlation between individual alpha peak
frequency peak and the touch-first temporal binding window. C. As the same with A, but it shows
the correlation between individual alpha peak frequency peak and the total temporal binding
window.
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Figure 5.5. Correlations between simultaneity perception and alpha frequency peak from
individual trial. The black dashed line represents a significant linear fit. X-axis represents alpha
frequency peak bins. Black dashed line represents a significant linear fit.
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Figure 5.6. Pre-stimulus alpha power and simultaneity perception rates. X-axis represents
pre-stimulus alpha power bins. Pre-stimulus alpha power increases from bin 1 to bin 10. Blue bars
represent the simultaneity perception rate for each alpha power bins. Black dashed line represents
a significant linear fit.
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Chapter 6
General discussion
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The main objective of this dissertation was to illustrate the functional role of brain alpha
oscillations on touch perception and visuo-tactile multisensory integration. In Chapter 2, I explored
threshold touch perception and demonstrated that both pre-stimulus alpha power and alpha phase
at touch onset influence subsequent touch perception. Pre-stimulus alpha power had an inverted
U-shape relationship with touch perception, indicating that intermediate pre-stimulus alpha power
level yields ahighest touch perception. Furthermore, when a stimulus onset coincided with the
trough of alpha oscillations, subjects were more likely to detect the touch stimulus. In Chapter 3,
I extended the experiment in Chapter 2 by using a relatively new imaging method – fast signal
optical imaging – to study both the temporal and spatial aspects of threshold touch perception. Prestimulus EROS alpha power desynchronizations from somatosensory cortex contributed to
subsequent touch perception. In Chapter 4, I investigated the effects of alpha oscillations on the
temporal binding window of visuo-tactile multisensory integration by manipulating SOAs between
threshold touch and vision. Touch detection rates were significantly higher for SOAs between 150 and 100ms compared with the touch-only condition. Somatosensory inter-trial phase
coherence also peaked shortly after visual stimuli, indicating that the phase of alpha oscillations
was reset by vision. Furthermore, visual stimuli with certain SOAs modulated pre-touch alpha
power desynchronizations, which in turn influenced subsequent touch perception. In Chapter 5, I
extended the experiment in Chapter 4 and studied the neural mechanisms of the temporal binding
window variations. The results demonstrated that individual’s temporal binding window was
negatively correlated with their individual alpha frequency peak. Overall, our experiments
demonstrated that alpha oscillations shape the brain state for touch perception and visuo-tactile
integration.
Alpha desynchronizations facilitate touch perception and visuo-tactile integration
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Not very long after EEG was invented, alpha oscillations were discovered by Hans Berger
who found that the alpha oscillations were stronger when normal adults closed their eyes and
diminished when they open their eyes (Berger, 1929; Fleming, 1935). The old concept claims that
alpha oscillations just reflect a ‘resting’ or ‘idling’ state (Adrian & Matthews, 1934). Modern
views state that alpha oscillations not only reflect ‘idling’ state, but also have been involved in
active functional roles. Alpha suppression, in terms of ‘desynchronization’, may occur during
information processing due to large populations of neurons oscillating asynchronously (Gert
Pfurtscheller & Aranibar, 1977). Studies have shown that alpha power decreases prior to the
detection of an expected target, a phenomenon referred to as event-related desynchronization
(ERD) (Fukuda et al., 2010; Min et al., 2007; G. Pfurtscheller, 1992, 2003). Several studies have
also shown a negative correlation between alpha power and metabolic activity (Goldman et al.,
2002; Laufs, Kleinschmidt, et al., 2003; Laufs, Krakow, et al., 2003).
More recently, studies have demonstrated that prestimulus alpha oscillations play a more
active and important role in stimulus perception. In the visual domain, visual target detection has
been negatively correlated with prestimulus alpha power, suggesting that stimuli in trials with low
prestimulus alpha power are more likely to be perceived compared to trials with high prestimulus
alpha power (Hanslmayr et al., 2007; Linkenkaer-Hansen et al., 2004; Mathewson et al., 2009; van
Dijk et al., 2008). Contrary to the aforementioned negative linear relationship, Rajagovindan and
Ding (2011) showed an inverted U-shaped relationship between visual perception and prestimulus
alpha power. In tactile perception, there is also increasing evidence that spontaneous alpha
oscillations are likely to shape the brain state and are thus critical to stimulus processing. In
electroencephalography (EEG) and magnetoencephalography (MEG) studies, detection of weak
tactile electrical stimuli shows an inverted U-shaped relationship with prestimulus alpha power,
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suggesting the existence of an optimal level of prestimulus alpha power for tactile perception
(Linkenkaer-Hansen et al., 2004; Y. Zhang & Ding, 2010). Consistent with previous results, an
inverted U-shaped relationship between prestimulus alpha power and touch perception was
observed (Ai & Ro, 2014). Furthermore, the results demonstrated that visual stimuli
desynchronized pre-touch alpha oscillation and facilitate touch perception.
The parabolic relationship between prestimulus alpha power and stimulus perception
(touch and vision) may be due to differences in excitability at different levels of alpha power.
Rajagovindan and Ding proposed a theoretical model in which the stimulus-evoked responses
follow a derivative of the firing rate of neurons which has a sigmoidal relationship with alpha
power. This yields an inverted U-shape function between the stimulus-evoked response and alpha
power (Rajagovindan & Ding, 2011).
However, results in terms of the relationship between stimulus detection and pre-stimulus
alpha power were not consistent. For example, in Chapter 2 I demonstrated an inverted U-shaped
relationship between pre-touch alpha power and touch perception. However, in Chapter 3 which
used fast signal optical imaging demonstrated alpha power desynchronizations were linked with
successful touch detection. In Chapter 4 which studied threshold touch perception in a
multisensory paradigm, touch perception rate was negatively correlated with the pre-touch alpha
power. In Chapter 5, I demonstrated a negative linear relationship between simultaneity perception
and pre-stimulus alpha power. Although several studies have suggested that alpha rhythms are
generated from multiple cortical structures with similar laminar profiles (Haegens et al., 2015;
Romei et al., 2011; Thut et al., 2011; van Dijk et al., 2008) and subcortical areas (Hughes et al.,
2004; Hughes & Crunelli, 2005), these differences in the relationship between alpha power and
information processing suggest that alpha rhythms may be a general broadcast signal that has been
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adapted and used locally in slightly different ways. The lack of a parabolic relationship between
alpha power levels and detection rates in vision (Mathewson et al., 2009) may also be due to a
higher signal-to-noise ratio level in the visual system as compared to the somatosensory system.
The mechanisms underlying these alpha power differences on tactile and visual perception remain
to be elucidated.
Alpha oscillations control the exact timing of information processing
As discussed before, the amplitude of alpha oscillations reflects ‘blocking’ or ‘suppression’,
with an increase in alpha activity resulting in an increase in inhibition and a decrease in firing rates.
Another aspect of alpha oscillations, their phase, also plays an important role in sensory processing.
In Chapter 2, I demonstrated that alpha phase at touch onset affects subsequent touch perception.
Subjects are more likely to perceive a stimulus when the stimulus onset coincides with the trough
of the alpha oscillation. In Chapter 4, I delivered multimodal stimuli with varying SOAs and
demonstrated that visual stimuli reset somatosensory phase reliably and influenced touch
perception.
Klimesch proposed a time-inhibition hypothesis which states that alpha oscillations play
an active role in the inhibitory control and timing of cortical processing through both its power
and phase (Klimesch et al., 2007). Based on this theory, alpha oscillation power determines the
overall inhibition/excitation level, and alpha oscillation phase exerts a so-called ‘pulsed inhibition’.
The effect of alpha oscillation phase on perception is not equal across a whole alpha cycle. Rather,
it appears to be very specific to certain parts of an alpha cycle. When a stimulus onset coincides
with the peak of an alpha cycle, subjects are less likely to consciously perceive it compared to
when a stimulus onset coincides with the trough of an alpha cycle (Klimesch et al., 2007;
Mathewson et al., 2011; Mazaheri & Jensen, 2010). Due to its intrinsic rhythmic nature, alpha
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activity produces bouts of inhibition that are repeated about every 100 ms. Our results with touch
perception are in line with this ‘pulsed inhibition’ by showing that perceived and unperceived trials
had significantly different alpha phase concentrations (trough vs. peak). Furthermore, the
experiment in Chapter 4 used multisensory stimuli with different SOAs to investigate touch
perception. The results demonstrated that vision reset parietal phase starting 100 ms after vision
onset and peaked at 180 ms after vision onset. When pre-touch alpha power was not in an optimal
state for touch perception (high-level power), the alpha phase at touch onset influenced touch
perception.
In summary, our results demonstrated that alpha oscillations exert an inhibitory role on
touch perception and visuo-tactile integration and shape the state of brain activity necessary for
sensory perception.
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